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Recent landslides, such as the West Salt Creek landslide in Colorado and the Oso 
landslide in Washington, have brought to light the need for more extensive landslide evaluations 
in order to prevent disasters in the U.S.. The goal of this research is to characterize and map the 
Rio Chama landslide, evaluate conditions at failure, predict future behavior, and apply these 
findings to create a regional susceptibility model for similar failures.  Based on the classification 
scheme proposed by Cruden and Varnes (1996), the Rio Chama landslide is an active multiple 
rotational debris slide and flow complex with observed activity since 1952, located near the 
headwaters of the Rio Chama River in south-central Colorado.  Site reconnaissance was 
conducted in 2015 and 2016 and coupled with laboratory testing of samples and limit 
equilibrium stability analysis.  A hierarchical heuristic model using an analytic hierarchy process 
was applied to evaluate the susceptibility of the region to failures similar to the Rio Chama 
landslide.  Weights were assigned to parameters based on their influence on landslide 
susceptibility, and weighted parameters were combined to produce a regional susceptibility map.  
The causative factors in order of most to least contribution to susceptibility are: slope angle, 
lithological class, surface waterbody density, stream density, slope aspect, profile curvature, and 
land use.  The regional model accurately and consistently identifies zones as having low, 
moderate, and high susceptibility to failures similar to the Rio Chama landslide.  Discussion of 
the causative factors and their impact on susceptibility, as well as the implications of each 
susceptibility zone is presented.  The regional model is intended to identify areas susceptible to 
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Geologic hazards, specifically landslides, endanger human life and cause extensive 
damage to property and infrastructure.  Landslides caused over $10M (adjusted to 2017 U.S. 
Dollars) of damage, five deaths, and 10 injuries in Colorado in 2010 (Highland, 2012).  Informed 
by knowledge of the hazards, professionals can take measures to reduce danger to humans, 
property, and infrastructure.  Measures include, but are not limited to, preventative methods such 
as zoning and re-routing/locating infrastructure, protection methods such as rockfall fences, and 
stabilization methods such as drainage and soil nails and anchors. 
 
Landslides are defined by Cruden and Varnes (1996) as “the movement of a mass of 
rock, debris or earth down a slope.”  The Colorado Landslide Inventory contains a record of 
28,519 mapped landslides throughout Colorado (Colorado Geological Survey, 2016).  Many of 
these landslides threaten infrastructure, property, and human life, and new landslides may form 
where previous landslides have not been mapped.  Landslide susceptibility maps are useful in 
predicting locations where landslides may occur by showing areas that are more susceptible to 
landslides than other areas.  Landslide susceptibility maps allow professionals to focus limited 
time and resources in areas of high susceptibility to landslides.  The intent of this research is to 
help agencies with limited resources allocate their resources in the most efficient way possible 
through the use of a regional susceptibility model.  Although the regional susceptibility model 
presented in this thesis was developed for the selected study area, the methods can be applied in 




The Rio Chama landslide is located in the Rio Grande National Forest in south-central 
Colorado, approximately 16 kilometers north of Chama, New Mexico and 48 kilometers 
southeast of Pagosa Springs, Colorado at 37°03’34.1” σ 106°32’28.2” W (Figure 1.1 on page 3 
and Figure 1.2 on page 4).  Slope failures have been observed on aerial photography since 1952 
2 
and have significantly damaged Forest Service Road 121, rendering it impassible at this location.  
The slope failures destroyed most mature evergreen and aspen tree growth in their paths.  The 
Rio Chama landslide has been left unaltered by humans, making this site an excellent location to 
study the mechanics of the landslide in an otherwise undisturbed setting.  Additionally, landslide 
features are fresh and well exposed due to a lack of vegetation, and landslide movement was 
observed as recent as 2016, allowing for minimal weathering to occur. 
 
The Rio Chama landslide is classified as an active multiple rotational debris slide and 
flow complex based on the classification scheme proposed by Cruden and Varnes (1996).  The 
recent slope failures, defined as failures occurring since the first reviewed aerial photography 
from 1952, cover approximately 40 hectares and are located within previously mapped landslide 
deposits (Figure 2.1 on page 7) and weathered Conejos Formation, composed of Oligocene 
volcaniclastic facies.  The observed slope failure dimensions were typically 50 to 150 meters 
wide with travel distances up to 1,500 meters.  Slope failures were interpreted as initiating as 
rotational failures and transitioning to debris flows as they continued down slope.   
 
Site investigation, material testing, and limit equilibrium stability analysis were applied 
to evaluate the causative factors of the Rio Chama landslide.  It is hypothesized that the Rio 
Chama landslide exhibits distinctive conditions that allowed failure to occur.  A hierarchical 
heuristic model was applied to the causative factors in order to produce a regional map of 
susceptibility to similar failures.  The regional study area includes all watersheds defined by the 
National Watershed Boundary Dataset (WBD) as Hydrologic Unit Code (HUC) 12 (USDA-
NRCS et al., 2016) that are within a 20-mile (32-kilometer) radius of the study area (Figure 1.1 
on page 3). 
 
1.2 Purpose and Scope 
The purpose of this research is to evaluate the style of movement, stability, and potential causes 
of the Rio Chama landslide and potentiality for other areas in the local region to produce similar 
failures.  The following four research questions address the purpose of this thesis: 
1. What are the failure mechanics of the Rio Chama landslide? 
2. What conditions exist/existed at the site allowing slope failure? 
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3. What is the current and future stability of the site? 
4. Where in the region are similar site conditions that may increase susceptibility to similar 
failure? 
 
The scope may be divided into the following tasks: 
1. Data Collection 
2. Evaluation of Recent Landslide Activity 
3. Site Investigation and Sampling 
4. Laboratory Testing Material Property Analysis 
5. Slope Stability Analysis 




Figure 1.1:  Site location map of the Rio Chama landslide area in south-central Colorado.  The 
approximate extent of middle Tertiary volcanics from the San Juan volcanic field (Lipman and 
McIntosh, 2008) is shown by the dashed line.  Note the near horizontal line through the middle 




Figure 1.2:  Topographic map showing the location of recent landslide activity in the Rio Chama 
landslide. Note the hummocky terrain and ponds east and southeast of the Rio Chama landslide, 
artifacts of the prehistoric landslide.  The thick red line at the bottom is the southern border of 
the Rio Grande National Forest. 
 
The characterization of recent slope failures in the Rio Chama landslide is important in 
order to understand the mechanics of the landslides and distinctive conditions present at the site 
enabling slope failure.  Few studies discuss similar slope failures in the Conejos Formation 
despite many landslide studies in the region surrounding the study area (Howe, 1909; Regmi, 
2014; Varnes, 1959), and most regional studies examine slope failures in the failure prone 
Mancos Shale (Howe; 1909; Regmi, 2014) rather than the Conejos Formation.   An 
understanding of failure mechanics and site conditions is essential to develop a regional model 
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showing the susceptibility to similar failures of other locations in the area.  The susceptibility 
model allows land-use planners and governmental agencies to focus resources on areas highly 






2.1 Geologic Setting and Regional Landslide Behavior 
The Rio Chama landslide is located within the San Juan volcanic field composed of late 
Paleogene volcanic rocks locally underlain by Paleogene and Cretaceous sedimentary formations 
(Lipman and Hail, 1975).  Glaciation has oversteepened valley walls in the region (Johnson et 
al., 2017).  The Rio Chama landslide is primarily located within a previously mapped landslide 
complex as seen in Figure 2.1 (Lipman and Hail, 1975).  Other geologic units near the Rio 
Chama landslide include Mancos Shale, Blanco Basin Formation, volcaniclastic facies of the 
Conejos Formation, and alluvium (see Table 2.1 for unit descriptions). 
 
Landslides make up approximately six percent of the area in the San Juan Mountains, 
where mass wasting is highly active due to the early maturity of the erosional cycle in the region 
(Howe, 1909).  According to Baum (2009), most large active landslides in western Colorado 
result from reactivation of older landslides.  Landslides are extensively mapped near the site 
(Ernst, 1976; Lipman and Hail, 1975; Lipman 2006; Howe, 1909; Muehlberger, 1967) and are 
frequently associated with over steepened valley walls (Howe, 1909). 
 
The Mancos Shale has been shown to be the primary geologic formation associated with 
landslides in Southwestern Colorado (Howe, 1909; Muehlberger, 1967; Varnes, 1949) due to the 
shale’s low permeability and tendency to readily weather to fine slippery clay and silt when in 
contact with water (Howe, 1909; Varnes, 1949).  Lipman (2006) and Howe (1909) suggested the 
Mancos Shale is regionally poorly exposed beneath widespread landslide deposits, which is 
supported locally by the mapping of Quaternary landslide deposits intersecting the Mancos Shale 
and Blanco Basin Formation (Lipman and Hail, 1975).  Frequent failures of Mancos Shale slopes 
create continuous maintenance problems for roads and railroads in the Chama Quadrangle south 




Figure 2.1:  Geologic map for the area surrounding the Rio Chama landslide (modified from 
Lipman and Hail, 1975); see Table 2.1 for unit descriptions. 
 
Howe (1909) suggested that volcanic tuffs and volcaniclastic deposits behave similar to 
shales in the region, and the volcanic rocks most associated with landslide activity in the region 
include soft or partly consolidated tuffs and decomposed volcanics.  Furthermore, Larsen and 
Cross (1956) described the lower 120 meters of the Conejos Formation in the Chama River 
drainage basin as soft, friable, poorly bedded sand composed primarily of volcanic fragments.  
Larsen and Cross (1956) continue to note that this soft section of the Conejos Formation is 
primarily located in the southern San Juan Mountains and is frequently covered by landslides. 
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Table 2.1:  Geologic description for the units near the Rio Chama landslide (modified from 
Lipman, 2006 and Lipman and Hail 1975). 
Geologic Unit Description 
Qal – Alluvium 
(Holocene) 
Silt, sand, gravel, and peaty material in valley bottoms.  Locally 
includes small alluvial-fan and colluvial deposits at margins of valley 
bottoms 
Ql – Landslide deposits 
(Holocene and 
Pleistocene) 
Poorly sorted soil and rock debris derived from bedrock and glacial 
deposits; includes blockslide, rockslide, slump, and earthflow deposits 
Tcu – Conejos 
Formation – Upper lava 
unit (Oligocene) 
Thick, dark-gray andesite or ryodacite lava flows containing small 
plagioclase and augite phenocrysts.  Separated from the vent facies of 
the Conejos Formation only where ash-flow tuffs intervene 
Tcv – Conejos 
Formation – Vent facies 
(Oligocene) 
Mostly lava flows and flow breccias of aphanitic to porphyritic 
andesite, rhyodacite, and quartz latite from several volcanic centers.  
Phenocrysts of plagioclase are common, typically accompanied by 
augite or hornblende; biotite is present in the more silicic flows 




Mostly reworked material derived from vent facies (Tcv); consists of 
bedded conglomerates, sandstones, and mud-flow breccias containing 
clasts of dark andesite and rhyodacite.  Accumulated as clastic aprons 
on flanks of and between penecontemporaneous stratovolcanoes 
Tb – Blanco Basin 
Formation (Eocene) 
Red to brown arkose, arkosic mudstone, sandstone, conglomerate, and 
red, yellow, and white claystone 
Km – Mancos Shale 
(Upper Cretaceous) 
Mostly dark-gray marine shale 
 
Three primary external causes for landslide initiation in the San Juan Mountains were 
identified by Howe (1909):  1) earthquakes, 2) readjustment of internal stresses in the mountains, 
and 3) the saturation of the ground by meteoric waters.  Howe (1909) concluded that the most 
influential internal cause for landslide movement is the physical condition of the rocks, followed 
closely by over steepened slopes.  Regmi et al. (2014) and Baum (2009) also concluded that 
rainfall saturation of the ground is a primary trigger of landslides in the area.  Furthermore, 
Baum (2009) suggested that rapid snowmelt, having similar affects as rainfall, induced 
destructive landslides throughout Colorado in 1984, 1985, and 2008.  In addition to the 
aforementioned landslide causes, Varnes (1949) examined three slides throughout Southwestern 
Colorado in which human activity contributed to failure. 
 
Literature and field observations note that valley walls are over steepened due to 
glaciation where the Rio Chama landslide is located (Johnson et al., 2017).  Additionally, the Rio 
Chama River may have downcut into the valley, further over steepening the valley walls and 
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removing the toe of the landslide area.  The over steepening of the valley walls after glaciation 
and river erosion may have caused the large Quaternary landslide deposit mapped by Lipman 
and Hail (1975), in which the recent Rio Chama landslides are located.  The valley walls are still 
undergoing mass wasting in the form of recent landslides (Ernst, 1976), suggesting the valley is 
still young in maturity and has not yet reached equilibrium. 
 
Ernst (1976) found that the Rio Chama River valley possessed many relict landslide 
features, and landslides and debris flows remain active in portions of the valley.  Furthermore, 
Ernst (1976) showed that after timber harvesting, trees near harvesting developed more bends 
and reaction wood than trees in an adjacent basin without harvesting.  This suggests that 
harvesting in the southern portion of the valley was responsible for increased slope movement.  
Ernst (1976) also suggested that development of a Forest Service access road caused a landslide 
in the valley in 1972.  Ernst (1976) produced a generalized slope stability map for a portion of 
the Rio Chama River valley showing zones of relative stability.  He did not examine the effects 
parameters besides logging have on slope stability, nor did he classify slope movements or 







3.1 Data Collection 
Prior to completing the site investigation and regional susceptibility analysis, a 
geodatabase of data pertaining to the study area was created and populated using ArcGIS 10.4.1.  
Data collected include optical and infrared historical imagery, multiple geologic maps and 
related reports, existing landslide inventories for Colorado and New Mexico, hydrologic datasets, 
digital elevation models (DEMs), land use and cover maps, and precipitation measurements.  All 
data obtained are available to the public at no cost. 
 
3.1.1 Historical Imagery 
Single frame optical and infrared aerial photography (USGS, 2016a), photography from 
the National High Altitude Photography (NHAP) dataset (USGS, 2016b), and imagery from 
Google Earth (2016) from 1952 to 2016 for the Rio Chama landslide were downloaded.  The 
photography and imagery were georeferenced in ArcGIS using reference points outside the 
interpreted recent landslide limits and polynomial, spline, and adjust transformation methods.  
The georeferenced imagery was then used to delineate recent landslide activity (discussed in 
section 3.2) and used as a basemap for field mapping. 
 
3.1.2 Geologic Information 
The statewide geologic maps for Colorado and New Mexico were downloaded from the 
USGS (USGS, 2005) and added to the geodatabase.  Larger scale geologic maps were considered 
for analysis; however, the statewide geologic maps provided the most consistent representation 
of geologic units throughout the study area.  The consistency of units was an issue with larger 
scale maps because the state border cuts through the study area.  The geologic units were then 
reclassified into the following nine lithological classes based on the unit descriptions provided 
with the statewide maps (USGS, 2005; see Section 4.1.1):  1) Basement, 2) Lava Flows, 3) Fine-
Grained Clastic, 4) Medium-Grained Clastic, 5) Volcaniclastic, 6) Pyroclastic, 7) Landslide, 8) 
Surficial, and 9) Water.  It is important to reclassify the geology into the nine classes in order to 
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permit efficient comparison of lithological classes in the susceptibility analysis (see Section 
4.1.1). 
 
3.1.3 Existing Landslide Inventories 
A statewide landslide inventory prepared by the Colorado Geological Survey (CGS) 
(CGS, 2016) was downloaded and added to the geodatabase.  The CGS Colorado Landslide 
Inventory features digitized landslides from published maps at 1:24,000 to 1:250,000 scales.  The 
mapped landslides vary greatly in accuracy and detail due to the wide range of scales of maps 
from which the landslides were digitized. 
 
Landslides in New Mexico were digitized from a series of statewide landslide maps 
(Cardinali et al., 1990).  These maps were prepared at the 1:500,000 scale. 
 
The landslides from the Colorado Landslide Inventory (CGS, 2016) and New Mexico 
landslide maps (Cardinali et al., 1990) were merged in ArcGIS to create one shapefile for the 
Colorado and New Mexico landslides (see Section 4.1.2).  This landslide inventory shapefile was 
then trimmed to the study area.  4.3 percent of landslides in the trimmed Colorado Landslide 
Inventory include the material from which the landslides were sourced.  Landslides with source 
material in the same class as the Rio Chama landslide (volcaniclastic) were extracted to form a 
subset of the inventory.  Two additional subsets of the inventory were created based on the state 
from which the landslides were located. 
 
These inventories did not differentiate between landslide sources and deposits.  It was 
important for the susceptibility analysis to only consider the landslide source zones when 
evaluating susceptibility.  Therefore, the inferred source zone for the Rio Chama landslide was 
delineated in ArcGIS (Figure 3.1) based on historical aerial and satellite photography, and values 
for the slope angle in the source zone were extracted.  The minimum slope angle in the source 
zone of the Rio Chama landslide is 5.5 degrees.  It is assumed that this value represents the 
minimum slope angle for source zones in other areas that could generate a landslide similar to 
the Rio Chama landslide.  Areas of the landslide inventories with slope angles less than 5.5 
degrees were removed from the inventory in order to create an inventory more representative of 
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the source zones.  This assumption may introduce error into further analysis since the source 
zone cutoff of 5.5 degrees from the Rio Chama Landslide is assumed throughout the entire study 
area.  A minimum slope of 5.5 degrees to extract the landslide source zones is likely not a 
sufficiently high slope angle to cause failures similar to the Rio Chama landslide, despite being 
observed in the source zone of the Rio Chama landslide.  The actual slope angle required for 
failure is likely closer to the angle of internal friction of the material through which the failure 
plane travels (33 degrees – see Section 4.5.1).  Therefore, the landslide inventory with areas of 
slope angles less than 5.5 degrees may still contain landslide deposits rather than just source 
zones.  Despite these potential errors and bias of data, limiting the inventories using the 
minimum slope angle observed in the Rio Chama landslide source zone was a quantitative way 
to focus the landslide inventory on landslide source zones. 
 
 
Figure 3.1:  Rio Chama landslide source zone (imagery from Google Earth, 2016). 
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These modified inventories were then compared to the Rio Chama landslide using the 
slope angle in a box and whisker plot (Figure 3.2) and Glass’ effect size delta (δ) calculated 
using equation 3.1 with the standard deviation of the regional study area as the control group 
standard deviation (Table 3.1). 
 � =  �̅̅̅ −  �̅̅̅�                                                    3.1  
 Where: 
  δ = Glass’ effect size 
  �̅̅̅ = Sample mean of experimental group 
  �̅̅̅ = Sample mean of control group 
  s = standard deviation of control group 
 
Figure 3.2:  Box and whisker plot of the slope angle for different subsets of the landslide 
inventory; note the red lines within the blue boxes represent the median, the blue boxes represent 
the interquartile range, the black dashed lines are the length of the interquartile range, and data 
points beyond the whiskers are represented with red crosses. 
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 The box and whisker plot reveals the median of the slope angle for the Rio Chama 
landslide is higher than the third quartile of all other landslide inventories (Figure 3.2).  
Furthermore, the effect sizes (see Table 3.1) comparing the Rio Chama landslide to the three 
inventories are classified as large to very large according to Sawilowsky (2009), suggesting 
statistically significant differences between the Rio Chama landslide and the three landslide 
inventories.  The statewide landslide inventories contain a variety of different landslides.  The 
landslides that are dissimilar to the Rio Chama Landslide are likely skewing the statistics of the 
inventory causing the inventory to not be representative of the Rio Chama landslide; therefore, it 
was not plausible to use the landslide inventories as representative of the Rio Chama landslide, 
the landslide inventories were not used to evaluate regional susceptibility, and a qualitative 
method to evaluate susceptibility was necessary (see Section 3.6). 
 
Table 3.1:  Effect sizes when comparing the Rio Chama landside to the entire landslide inventory 
and the New Mexico and Colorado subsets; note, these inventories have been adjusted to 
represent only landslide source zones. 
Effect Size between Rio Chama Landslide and… Glass’ Effect Size 
New Mexico Landslide Inventory 0.879 
Colorado Landslide Inventory 0.559 
Entire Landslide Inventory 0.559 
 
3.1.4 Hydrologic Information 
Hydrologic data including waterbodies, flowlines, and watershed extents for the study 
area were downloaded as feature classes from the USGS National Hydrography Dataset (NHD) 
at the HUC-4 and HUC-8 subregion resolution (USDA-NRCS et al., 2016).  These files were 
added to the existing geodatabase. 
 
A waterbody raster with the extent of the study area and 10 meter by 10 meter cell size 
was created using the waterbodies shapefile from the NHD.  The cells in the raster were assigned 
a value of one if more than half the cell was occupied by a waterbody (lakes, ponds, reservoirs, 
swamps and marshes) and a zero if less than half the cell was occupied by a waterbody.  A raster 
was then created using the Focal Statistics tool in ArcGIS using a circular neighborhood of 150 
cells and summation statistics.  This raster is called the “surface waterbody density” and 
represents the density of waterbodies in a region by summing the total number of cells occupied 
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by a waterbody within a circular area of 1.5 hectares around each cell (see Section 4.1.3 for 
results). 
 
A similar measure of surface waterbody density was created for the streams shapefile 
from the NHD.  This raster, called the “stream density,” was calculated in the same fashion as 
the surface waterbody density; however, a circular neighborhood of 0.25 hectares was used in 
calculations (see Section 4.1.3 for results). 
 
3.1.5 Topographic Information 
Three 1/3 arc-second (approximately 10 meter by 10 meter resolution), digital elevation 
models (DEMs) covering a total area of 1x1 degree were downloaded from the USGS’s σational 
Elevation Dataset (NED) for the study area (USGS, 2001).  These DEMs were added to the 
database, mosaicked into one DEM, and trimmed to the study area. 
 
The slope angle and aspect maps were derived for each cell in the study area DEM raster 
using the Slope and Aspect tools in ArcGIS.  Additionally, the profile, plan, and overall slope 
curvature of the study area were calculated using the Curvature tool in ArcGIS.  Curvature is the 
second derivative of a surface (or the change in slope of a surface) (Kimerling et al., 2011).  The 
curvature is measured parallel to the direction of the maximum slope in profile curvature, 
perpendicular to maximum slope in plan curvature, and combines both directions for the overall 
curvature (see Section 4.1.4 for results). 
 
3.1.6 Land Cover Information 
Four shapefiles representing the land use and land cover throughout the study area were 
downloaded from the USGS (Price et al., 2007) and added to the geodatabase.  These files were 
merged together, trimmed to the study area, and converted into a raster for use in the 
susceptibility analysis (see Section 4.1.5 for results). 
 
3.1.7 Precipitation Information 
Daily and monthly precipitation and snow water equivalent data were obtained from the 
Cumbres Trestle weather station located 9.2 kilometers southeast and 210 meters higher in 
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elevation than the site area (NCDC, 2016).  Monthly (30 days) and annual (365 days) moving 
mean precipitation values were calculated from 8/1/1980 to 6/7/2017 (see Section 4.1.6 for 
results). 
 
3.2 Evaluation of Recent Landslide Activity 
Landslide activity was evaluated based on changes observed from subsequent optical and 
infrared aerial and satellite photographs.  Changes in subsequent photographs were delineated in 
ArcGIS and the date range between the two photographs was assigned as the date range during 
which failure occurred (see Section 4.2). 
 
3.3 Site Investigation and Sampling 
 Site investigation of the Rio Chama landslide was conducted in two phases, one in 
October 2015 and another in August 2016.  The following tasks were completed during the site 
investigation (see Section 4.3 for results): 
1. Recorded and mapped geomorphic features such as scarps, lobes, tension cracks, grabens, 
and back rotated blocks of earth 
2. Recorded and mapped individual lobes of slide material 
3. Recorded and mapped surface water features such as streams, ponds, and seeps 
4. Recorded and mapped vegetation type, density, size, damage, and orientation/shape 
5. Recorded visually interpreted grain size distributions throughout the landslide 
6. Collected 15 surficial samples of slide material and bedrock (Conejos and Blanco Basin 
Formations) throughout the landslide 
7. Collected three samples of slide plane material at the surface using hand driven sample 
tubes 
8. Took photographs of features of interest 
9. Attempted to measure shear strength using a Torvane; however, surficial material was 
either too hard or not saturated, rendering the tests impossible or inaccurate 
 
3.3.1 Failure Mode Characteristics 
Landslides were classified according to the system proposed by Cruden and Varnes 
(1996) and informed by the literary review, field and experimental material properties, and 
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observations made during the site investigation.  Debris lobes within the landslide were 
compared based on grain size distribution, material type, topographic expression, mobility, 
vegetation, and surface water features.  Older lobes were assumed to show signs of higher 
erosion and have more mature vegetation.  Relative ages of lobes were verified using the 
historical aerial photography (see Section 4.3.2). 
 
3.3.2 Groundwater Conditions 
As previously mentioned, the location of surface water features such as streams, ponds, 
and seeps were recorded and mapped throughout the field area.  Vegetation type and density 
were also recorded where they suggested above average water availability for the landslide and 
surrounding area (see Section 4.3.3). 
 
3.4 Laboratory Testing of Material Properties 
The following laboratory analyses were completed in order to evaluate material 
properties of the landslide material (see Section 4.4 for results): 
 15 dry sieve analyses on 13 air dried field hand samples from about 15 centimeters below 
ground surface using the ASTM D422 standard as a guide to produce grain size 
distributions 
 Wet sieving was attempted to obtain a more accurate grain size distribution curve, 
however, the test was abandoned due to the requirement of oven drying and use of a 
dispersing agent which would have altered the results of the Atterberg limit tests and 
hydrometer analysis 
 Four Bouyoucos hydrometer analyses on the material passing the No. 40 sieve to find the 
clay and silt fractions based on the procedure presented by Bouyoucos (1961) 
 Atterberg limits testing on material passing the No. 40 sieve for three soil samples in 
accordance with ASTM D4318-10 
 Three jar slake tests in accordance with the procedure outlined in Santi (1998) on three 
pieces of exposed Conejos Formation bedrock 
 Classification of soil samples based on the Unified Soil Classification System 
 Density and moisture content tests on soil samples from sample tubes 
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 20 direct shear tests (5 peak and 15 residual) on cylindrical soil samples from sample 
tubes in accordance with ASTM D3080 
 
3.5 Slope Stability Analysis 
Two representative cross-sections from the Rio Chama landslide were selected to 
represent failures in the recent landslide area (Figure 3.3 on page 19).  Post-failure topographic 
profiles were produced using the one third arc-second DEM downloaded for the study area 
(USGS, 2001) and the Create Profile Graph tool in ArcGIS.  The topographic profiles were input 
into the limit equilibrium slope stability software Rocscience Slide (Rocscience, 2015).  
Backward stability analyses were completed in order to evaluate material properties and 
piezometric and failure surface locations at time of failure when the factor of safety for each 
cross section was approximately one (see Section 3.5.1 for further discussion). 
 
Forward stability analyses were then completed with model parameters evaluated from 
the site investigation, laboratory testing, and backward analysis in order to evaluate the current 
and future stability of the Rio Chama landslide.  Both backward and forward analyses were 
evaluated using Spencer’s method (RocScience, 2015), which can be applied to any shape of 
failure surface and satisfies both force and moment equilibriums (see Section 3.5.2 for further 
discussion). 
 
3.5.1 Backward Analysis 
It is difficult to obtain reliable soil strength parameters from laboratory testing (Duncan, 
1996) based on the limited number of samples and assumptions made throughout testing; 
however, backward slope stability analysis is an effective method to evaluate soil strength 
parameters (Duncan, 1996).  Backward analysis was applied to the two cross sections using 
laboratory derived material properties for cohesion, angle of friction, and unit weight as model 
inputs. 
In the backward analysis, pre-failure topographic profiles were produced by adjusting the 
post-failure topographic profiles to a profile that likely represented pre-failure conditions since a 




Figure 3.3:  Location of two cross-sections selected for stability and sensitivity analysis (imagery 
from Google Earth, 2016). 
 
Field observations of surface water features (such as seeps, ponds, and streams; see 
Figure A.2 in Appendix A) were used in conjunction with Cumbres Trestle weather station 
precipitation and snowmelt data (NCDC, 2016) to infer the groundwater conditions at failure.  
The piezometric surface was brought to the ground surface at locations of surface water features, 
and interpolated and extrapolated between and beyond those features.  The piezometric surface 
was interpreted to represent conditions between maximum and minimum water table elevation.  
This intermediate piezometric surface was applied to slope stability forward, backward, and 
sensitivity analyses.  Maximum depth to the groundwater table could likely be observed after 
large precipitation events or during periods of snowmelt.   
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The failure surface was constrained to the interpreted contact between the older landslide 
material and the weathered Conejos Formation based on observed weakness of the material at 
that contact approximately 8 meters below ground surface (see Sections 4.3.2 and 5.1).  
Additionally, the failure plane was constrained in cross-section 1 (Figure 3.3) to daylight near 
Forest Service Road 121 to match field observations.  Parameters were then iteratively adjusted 
until the minimum factor of safety for each analysis was approximately one. 
 
The cohesion of the weathered Conejos Formation was kept constant at 0 because the 
failures are likely located along pre-existing failure surfaces.  The factor of safety was calculated 
and the unit weights, cohesion (except for the weathered Conejos Formation), and angle of 
internal friction of the Quaternary landslide material, weathered Conejos Formation, and the 
Conejos Formation were adjusted in both cross sections until a factor of safety of about 1 was 
found for both profiles (see Section 4.5.1). 
 
3.5.2 Forward Analysis 
Forward analyses were also completed in order to evaluate the current and future slope 
stability.  Inputs for the forward model matched those obtained through the backward analysis; 
however, the topographic profiles were changed to match the post-failure topography as 
generated from the DEM (see Section 4.5.2 for results). 
 
3.5.3 Sensitivity Analysis 
Sensitivity analyses in Rocscience Slide (Rocscience, 2015) were completed on the 
backward analysis of the two cross-sections to evaluate the relative effect of input properties on 
the stability of the slope.  Cohesion, internal angle of friction, unit weight, and water table 
elevation were varied individually across the assumed possible range of values and 
corresponding factors of safety were calculated (see Section 4.5.3 for results). 
 
3.6 Regional Landslide Susceptibility Analysis 
Regional susceptibility to landslide failures similar to those in the Rio Chama landslide 
were evaluated using a heuristic model and multiple-criteria analysis similar to that employed by 
Castellanos and Van Westen (2008).  The heuristic model applied qualitative weighting to 
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parameter maps based on statistics derived using the weight of evidence (WoE) approach (Regmi 
et al., 2010) and in-depth knowledge gained from this research of the causative factors for 
landslides similar to those of the Rio Chama landslide (Castellanos and Van Westen, 2008; 
Soeters and Van Westen, 1996).  Higher weightings were assigned to factors that appear to 
influence slope stability the most, and lower weightings to factors that appear to have less 
influence on slope stability (see Section 4.6 for results). 
 
3.6.1 Selection and Evaluation of Causative Factors 
Intrinsic factors that cause a slope to be more susceptible to failure are known as 
landslide causes, while external factors such as intense rainfall or earthquake shaking that cause 
a near-immediate response of a slope failure are known as triggers.  Landslides may have 
multiple causes, but only one trigger (Wieczorek, 1996).  For the purpose of this research, 
landslide causes will be referenced as causative factors. 
 
The following seven factors were selected for analysis as causative factors for the Rio 
Chama Landslide:  1) slope angle, 2) lithology, 3) surface waterbody density, 4) stream density, 
5) slope aspect, 6) slope curvature (overall, profile, and plan), and 7) land use.  These factors 
were selected based on observations made during the site investigation and review of published 
landslide susceptibility studies both near (Pratt and Santi, 2014; Regmi et al., 2010a; Regmi et 
al., 2010b; Regmi et al., 2014) and distant (Castellanos and Van Westen, 2008; Pourghasemi et 
al., 2013) from the Rio Chama landslide.  The selected factors occurred frequently in literature 
and were often indicated as important factors throughout the reviewed literature.  Furthermore, 
the data relating to these factors is publicly available at no cost.  The derivation of the factor 
maps for analysis has been discussed above in section 3.1. 
 
3.6.2 Analytic Hierarchy Process 
A heuristic model aided in evaluation of landslide susceptibility, and was selected due to 
a lack of a robust inventory of landslides similar to the Rio Chama landslide.  Soeters and Van 
Westen (1996) suggested that a robust inventory is required to apply bivariate and multivariate 
statistical methods, thus rendering these methods unavailable for use in this analysis.  
Castellanos and Van Westen (2008) successfully applied a heuristic model with an analytic 
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hierarch process (AHP) to landslide susceptibility mapping in Cuba, while lacking an adequate 
landslide inventory to apply statistical approaches. 
 
The AHP arranges factors in a hierarchy structure of tiers from most general category 
descending down to specific subcriteria or classes (Saaty, 1990).  The hierarchy selected for 
analysis of the susceptibility of the study area to landslides similar to the Rio Chama landslide 
can be seen in Figure 3.4.  The intention of the AHP tier system is to separate factors into more 
easily compared groups.  For example, in the hierarchy for this research (Figure 3.4), slope 
angle, slope aspect, and profile curvature are all nested under the topography category.  This 
allows for comparison of these three factors amongst themselves, rather than with unrelated 
factors such as lithology or surface waterbody density. 
 
 
Figure 3.4:  Analytic hierarchy for the susceptibility of the study area to landslides similar to the 
Rio Chama landslide; note the Fourth Tier:  Sub-Factors has been expanded only for the slope 
angle due to space constraints; see Table 3.2 below for the full list of sub-factors. 
 
The factors or classes of factors in each nested group in each tier of the hierarchy are 
compared amongst themselves and weights are assigned using a pairwise comparison matrix (see 
Table 3.3; Saaty, 1977; Saaty, 1990).  The values for the third tier factors were split into groups 
as seen in Table 3.2 to create the fourth tier sub-factors.  The pairwise comparison matrix allows 
for comparison of each element in the nested group with one another.  The factor from a row in 
the matrix, such as slope angle 10 to 20 degrees in Table 3.3, is compared with each factor 
column, such as slope angle 30-40 degrees.  The cell where the row and column intersect is 
assigned a value from 1 to 9 according to Table 3.4 if the factor in the row is of equal or greater 
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importance contributing to landslide susceptibility than the factor in the column.  This value 
would be three in the example in Table 3.3.  If the row factor has less importance contributing to 
landslide susceptibility than the column factor, the cell is left blank.  The cell is later populated 
with the reciprocal of the value assigned to the cell where the row and column factors have now 
switched positions (the former row factor is now the column factor and vice versa).  Therefore, 
each pairwise comparison matrix created for each nested group in the hierarchy is a reciprocal 
matrix (Saaty, 1990). 
 
Once the pairwise comparison matrix has been created for the nested group in the 
hierarchy, the weights for each row of the comparison matrix can be calculated based on the 
values selected in the matrix.  The weights for each row factor are equal to the eigenvector 
components of the pairwise comparison matrix (Saaty 1977; Saaty, 1990).  The values of the 
eigenvector components sum to one.  This process is repeated for each nested group in the 
hierarchy.  Once this process is repeated for each nested group in the tier, the process is repeated 
up the hierarchy, comparing the next level of nested groups amongst themselves.  For example, 
after the slope angle fourth tier sub-factors had been compared, the third tier factors slope angle, 
slope aspect, and profile curvature were compared using a new pairwise comparison matrix.  
Their weights were calculated using the eigenvector of the interpreted values in the pairwise 
comparison matrix. 
The values assigned in the pairwise comparison matrix were first informed by calculating 
factor weights using the WoE approach as discussed in Regmi et al. (2010b).  In summary, 
weights for each factor are assigned based on the presence or absence of landslides within an 
area.  The weights are assigned based on “the ratio of the area or the total number of landslide 
pixels to the area or the total number of the pixels in the study area” (Regmi et al., 2010b).  
Larger weights are assigned to factors that have a large amount of the factor class occupied by 
landslides.  Large weights are expected where a factor increases the susceptibility of landslides.  
 
Weights were calculated using the WoE approach comparing the Rio Chama landslide 
source zone to the entire study area.  Weights calculated with this method can be found in 
Appendix D.  
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Table 3.3:  Example pairwise comparison matrix for slope angle sub-factor categories; higher 
values indicate the factor in the row is more important than the factor in the column. 
Slope Angle (deg) 0-10 10-20 20-30 30-40 40-50 50-60 60+ 
0-10 1 1/9 1/9 1/7 1 1 1 
10-20 9 1 1/3 3 7 9 9 
20-30 9 3 1 3 7 9 9 
30-40 7 1/3 1/3 1 5 7 7 
40-50 1 1/7 1/7 1/5 1 1 3 
50-60 1 1/9 1/9 1/7 1 1 1 







Table 3.4:  Scale for selecting the numeric values in the pairwise comparison matrices (modified 




1 Equal importance 
Two activities contribute equally to the 
objective 
3 
Weak importance of 
one over another 
Experience and judgment slightly favor one 
activity over another 
5 
Essential or strong 
importance 
Experience and judgment strongly favor one 




An activity is strongly favored and its 
dominance is demonstrated in practice 
9 Absolute importance 
The evidence favoring one activity over another 
is of the highest possible order of affirmation 
 
Regmi et al. (2010b) suggested that it is important to have a thorough landslide inventory 
in order to confidently apply the WoE approach; therefore, the pairwise comparison matrices 
calculated using the weights from the WoE approach were adjusted based on knowledge gained 
from the site investigation and subsequent analyses. 
 
The susceptibility to landslides similar to the Rio Chama landslide could be calculated 
once the weights were calculated for each branch and tier in the hierarchy.  The raster files 
containing the sub-factor data were reclassified based on their weights calculated using the 
pairwise comparison matrices using ArcGIS.  The susceptibility for each 10 meter by 10 meter 
cell in the study area was calculated by multiplying each fourth tier weight by its respective third 
tier weight and summing that product with the products of all the other factors.  It was decided to 
omit weights for the second tier classes in this study since only half the second tier classes nested 
together multiple third tier factors; therefore, all seven third tier factors were compared with one 
another. 
 
3.6.3 Map Validation 
The AHP described above was iterated through four times with the goal of optimizing the 
performance of susceptibility model.  Performance of the susceptibility model was measured 
based on the consistency of the pairwise comparison matrices and accuracy of the susceptibility 
map.  Consistency of the pairwise comparison matrices could be quantitatively measured using 
the consistency ratio (CR) (Saaty, 1977; Saaty, 1990).  The consistency ratio measures the 
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inconsistency of a pairwise comparison matrix compared to a random pairwise comparison 
matrix of same size.  Matrices with CRs of 10% or less are considered acceptably consistent and 
the weights can be accepted (Saaty, 1977; Saaty, 1990).  CRs were calculated for all pairwise 
comparison matrices to ensure consistency of the matrices. 
 
The accuracy of the susceptibility map could not be quantitatively evaluated due to the 
lack of a robust representative landslide inventory to which the susceptibility map could be 
compared; therefore, manual interpretation was used to evaluate the accuracy of the 
susceptibility map.  Each iteration of the susceptibility map was examined in ArcGIS.  Zones 
indicated as high or low susceptibility were examined with the aid of Google Earth Pro to ensure 
these zones were correctly identified.  High susceptibility zones were considered accurately 
identified if they expressed similar geomorphic and geologic conditions as the Rio Chama 
landslide.  Furthermore, the map was checked against three areas judged as high susceptibility 
zones.  One of these areas was the Rio Chama landslide; the second (located at 37°10’28.08” σ 
106°,45’,54.13” W) contains a landslide that appears very similar to the Rio Chama landslide in 
aerial photography, geomorphologic expression, and bedrock geology; and the third area (located 
at 37°,6’,56.92” σ 106°,24’,41.06°W) contains terrain that appears similar to the Rio Chama 
landslide. 
 
3.6.4 Map Post-Processing 
Post-processing was performed on the susceptibility map once the AHP yielded a map 
that was both consistent and accurate.  The susceptibility map was reclassified based on the 
distribution of the susceptibility scores (Figure 3.5).  The local minimum at a susceptibility score 
of 1,300 was selected as the cutoff between low and moderate susceptibility, and the 95th 
percentile (2,284) was selected as the cutoff between moderate and high susceptibility. 
 
Further post-processing was performed on the reclassified susceptibility map using the 
Majority Filter and Region Group Filter in ArcGIS.  The Region Group Filter classified adjacent 
cells with the same susceptibility class (low, moderate, or high) in the susceptibility map as part 
of the same group.  Any groups smaller than one hectare were removed from the map to reduce 
the “speckled” look.  The removed zones were then filled back in based on the dominant 
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susceptibility type surrounding the zones using the Nibble tool in ArcGIS.  Then, the Boundary 
Clean tool was applied to smooth the rough and jagged boundaries between zones. 
 
 
Figure 3.5:  Histogram of the susceptibility scores from the final susceptibility map. 
 
Zonal statistics were calculated for each input raster based on the different susceptibility 
classifications (low, moderate, or high).  These calculations found the following statistics for 
each causative factor:  minimum, maximum, mean, standard deviation, mode, and median.  
These statistics can be used to draw comparisons between the three different susceptibility 
classes.  Similarly, zonal statistics were calculated for the susceptibility map raster based on the 
different HUC-12 watersheds.  The important statistic derived from these calculations is the 








4.1 Data Collection 
4.1.1 Geologic Information 
Volcaniclastics were found to be the predominant lithological class in the study area 
based on the statewide geologic maps that were reclassified into the nine lithological classes.  
The distribution of the lithology in the study area is shown in Figure 4.1, and the percent of the 
study area covered by each lithological class is summarized in Table 4.1.  The source area for the 
Rio Chama landslide is located primarily in medium-grained clastic lithology with the 
depositional area extending into fine-grained clastic and surficial lithological classes. 
 
When the Rio Chama landslide is superimposed on the larger 1:48,000 scale 
Reconnaissance Geologic Map of the Chama Peak Quadrangle by Lipman and Hail (1975; 
Figure 2.1), the source area for the Rio Chama landslide is located primarily within a Quaternary 
landslide overlying the Tertiary Blanco Basin Formation and Cretaceous Mancos Shale.  
Furthermore, the runout extends onto the Quaternary alluvium deposit, and the volcaniclastic 
facies of the Tertiary Conejos Formation.  The detailed discussion of the lithology at the Rio 
Chama landslide was presented in section 2.1. 
 
Table 4.1:  Summary table showing the percent of the study area covered by each lithological 
class. 
Lithology Percent of Total Area (%) 
Volcaniclastic 33.9 
Fine-Grained Clastic 19.4 
Medium-Grained Clastic 11.8 
Pyroclastic 11.8 









Figure 4.1:  Map showing the distribution of lithological classes and HUC-12 watersheds 
throughout the study area. 
 
4.1.2 Existing Landslide Inventories 
161 landslide zones were included in the landslide inventory from the Colorado 
Landslide Inventory (CGS, 2016) and the map of landslides in New Mexico (Cardinali et al., 
1990), and their extent in the study area is shown in Figure 4.2.  The landslides included in the 
inventory make up approximately 66,900 hectares or 14% of the study area. 
 
The Rio Chama landslide was found to be statistically different than the landslides in the 
inventory, including when the inventory was separated by U.S. state, as discussed in section 
3.1.3.  Therefore, the inventory could not be reliably applied to bivariate and multivariate 
statistical methods for calculating susceptibility since the inventory did not represent the 





Figure 4.2:  Map of the study area showing the location of landslides from the Colorado 
Landslide Inventory (Colorado Geological Survey, 2016) and the map of landslides in New 
Mexico (Cardinali et al., 1990) along with the HUC-12 watersheds (USDA-NRCS et al., 2016). 
 
4.1.3 Hydrologic Information 
3,292 water bodies and 26,924 streams were identified in the study area (Figure 4.3).  
The surface waterbody density and stream density maps can be seen in Figures B.1 and B.2 in 
Appendix B.  The areas around the larger water bodies produced the highest values of surface 






Figure 4.3:  Maps showing surface water features in the study area (USDA-NRCS et al., 2016); 
the map inset displays small waterbody features east and southeast of the Rio Chama landslide 
that are difficult to see in the smaller scale map. 
 
Despite not being located near a larger water body, many small water bodies can be seen 
to the southeast and upslope of the Rio Chama landslide (see the insert map of Figure 4.3).  
These smaller water bodies helped increase the surface waterbody density at the Rio Chama 
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landslide to the values of 153 to 408, which corresponds to the 77th to 88th percentiles in the 
study area.   
 
4.1.4 Topographic Information 
The slope angle and aspect maps can be seen in Figure B.3 in Appendix B.  The summary 
statistics were calculated for the different zones within the study area and are presented in Table 
4.2 on page 33. 
 
The calculated effect sizes, comparing the overall and plan curvatures of the Rio Chama 
landslide to the study area, were found to be very small according to the classification presented 
by Sawilowsky (2009); therefore, they were not included as causative factors because the small 
effect sizes indicate the sub-factor classes have a neutral impact on landslide susceptibility. 
 
4.1.5 Land Cover Information 
Evergreen forest land was found to be the most predominant land cover in the study area 
making up about 43 percent of the study area.  The Rio Chama landslide source area was found 
to be classified entirely as mixed forest land.  Figure B.4 in Appendix B displays the distribution 
of land cover throughout the study area, and Table 4.3 on page 34 presents the percent of the 
study area covered by each class of land cover. 
 
4.1.6 Precipitation Information 
The moving mean annual precipitation measured at the Cumbres Trestle weather station 
from 8/6/1980 to 6/7/2017 (NCDC, 2017) is presented in Figure 4.4 on page 35.  The average 
moving mean annual precipitation was calculated to be 39 inches (99 centimeters).  Seasonal 
variations in the moving mean annual precipitation are expected.  The moving mean annual 
precipitation did exceed the average value during the approximate years of 1982 to 1988, 1991, 
1994 to 1996, 1997 to 2000, 2005, and 2009.  This suggests there were extended periods of 





Table 4.2:  Summary statistics for slope angle and overall, plan, and profile curvature for 
different zones within the study area. 











5.5 35.8 19.2 19.1 16.7 21.7 
Landslide 
Inventory 0.2 85.2 14.7 12.4 8.7 18.4 







-5.4 3.7 0.1 0.1 -0.2 -0.5 
Landslide 
Inventory -139.3 200.1 0 0 -0.3 0.3 







-2.6 2.3 0 0.1 -0.1 0.3 
Landslide 
Inventory 
-52.1 97.3 0 0 -0.1 0.2 







-2.6 2.8 -0.1 0 -0.3 0.2 
Landslide 
Inventory 
-142.9 125.1 0 0 -0.2 0.2 







Table 4.3:  Summary table showing the percent of the study area covered by each land cover 
class. 
Land Cover Percent of Total Area (%) 
Evergreen forest land 43.11 
Mixed forest land 17.50 
Shrub-brushland rangeland 17.48 
Mixed rangeland 14.63 
Deciduous forest land 3.39 
Cropland and pasture 1.00 
Bare exposed rock 0.73 
Mixed tundra 0.51 
Shrub and brush tundra 0.44 
Bare ground 0.41 
Herbaceous Rangeland 0.28 
Reservoirs 0.16 
Residential 0.10 
Non-forested wetland 0.10 
Lakes 0.06 
Mixed urban or built-up land 0.03 
Commercial and Services 0.02 
Herbaceous tundra 0.01 
Transportation, communications and services 0.01 
Other agricultural land 0.01 
 
Above average monthly precipitation was observed in August, September, and October 
of 1986 and January of 1987, which are during the time when the largest landslide event was 
observed in aerial photography.  Figure 4.5 shows the monthly observed and average 
precipitation values during the time gap in aerial photos during which the largest aerial 
photograph observed landslide occurred. 
 
4.2 Evaluation of Recent Landslide Activity 
Multiple landslides were observed pre- and post-dating the oldest reviewed aerial 
photography from 1952.  The failures observed in optical and infrared photographs from 1952 to 
1987 (Appendix G) ranged from 50 to 150 meters wide with travel distances up to 1,400 meters 
on average slope angles of 18 to 20 degrees.  The landslide events destroyed most of the 
evergreen and aspen tree growth in their path.  Forest Service Road 121 was constructed between 
1952 and 1960, but since then it has been damaged several times by the Rio Chama landslide and 
has been closed since a landslide event occurring between 1985 and 1986.  The delineated 
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landslide events based on changes in subsequent photographs are shown in Figure 4.6 on page 
37, and total landslide area at different times is provided in Table 4.4.  Landslide activity 
appeared to focus around the two pre 1952 landslides and expand out and upslope from the two 
landslides.  The largest travel distances were observed on photographs suggesting a time of 
failure between June 15, 1986 and June 22, 1987. 
 
 
Figure 4.4:  Moving mean annual precipitation data from the Cumbres Trestle weather station 
from 8/6/1980 to 6/7/2017 (NCDC, 2017) shown by the blue line and the average moving mean 
annual precipitation of 39 inches (99 centimeters) shown in red. 
 
Table 4.4:  Total landslide area at different times based on historical aerial photography. 










Figure 4.5:  Monthly observed and average precipitation data from the Cumbres Trestle weather 
station from 6/15/1986 to 6/22/1987 during which the landslide with the longest travel distance 
was observed in aerial photos (NCDC, 2016). 
 
4.3 Site Investigation and Sampling 
4.3.1 Material Properties 
The Blanco Basin Formation, Conejos Formation, and Quaternary landslide deposits 
were observed during site reconnaissance.  Poorly sorted landslide debris was observed 
outcropping above the volcaniclastics of the Conejos Formation at the recent head scarp (Figure 
4.7).  The Conejos Formation was observed in some areas in the southeastern portion of the 
landslide where the recent landslides exposed the underlying Conejos Formation.  The Conejos 
Formation was highly weathered, often rutted by stream erosion, frequently covered with 
desiccation cracks, and primarily massive with few observed bedding planes and gravel lenses 
(Figure 4.8).  
 
The Blanco Basin Formation was observed outcropping in two streambeds near the 
southern margin of the recent landslide.  The Blanco Basin Formation consisted of bedded 
conglomerates, sandstones, and mudstones as described in Table 2.1, and had an average dip of 
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Figure 4.6:  Delineated landslide events based on time-series aerial photographs showing the 
range of dates landslide features formed.  For example, the failure date range of 1981-07-20 to 
1985-09-12 indicates the failure occurred sometime between the dates when the photographs 





Figure 4.7:  Photograph of recent head scarp on the southeast portion of the landslide.  
Interpreted landslide deposit - Conejos Formation contact noted with dashed red line. 
 
 
Figure 4.8:  Photograph of exposed Conejos Formation showing desiccation cracks, rutting, and 
gravel lens. 
39 
Multiple zones of deposition, or lobes, of recent landslide material were observed during 
the site visit (Figure 4.9 on page 40).  Lobes were distinguished by material type, elevation, 
geometry/margins, and vegetation.  Eight major recent lobes were observed; descriptions of each 
lobe are provided in Table 4.5 on page 41.  The major lobes observed were primarily composed 
of poorly sorted volcaniclastic debris.  Lobe 2 contained some zones of andesite debris, which 
could also be found in minor abundance in the other lobes.  All interpreted major lobes had 
higher concentrations of downed trees and boulders along their down slope margins and toes 
than within the lobe.  The major lobes identified were hummocky, potentially indicating smaller 
lobes within the major lobes.  The smaller lobes were not mapped due to time constraints and the 
scale at which field mapping was completed. 
 
4.3.2 Failure Mode Characteristics 
Evidence of rotational failures was noted throughout the site near the head scarp and 
included back-rotated blocks (Figure 4.10), sag ponds (Figure 4.11), tilted trees (Figure 4.12a), 
and pistol-butted trees (Figure 4.12b).  Few coherent blocks were observed down slope of the 
back-rotated blocks.  After initiating with rotational failures, the landslides appear to transition to 
translational failures.  Evidence of rotational failure downslope of the scarps such as large bulges 
of material where the failure surface daylights and continuation of back-rotated blocks is not 
present.  On the contrary, the landslide deposits show signs of translational failure such as linear 
tension cracks and flatter ground surface than the back-rotated blocks.  Few to no signs of 
movement were observed on some coherent blocks located throughout the landslide, while other 
coherent blocks had slightly tilted and pistol-butted trees. 
 
All mapped recent major landslide lobes showed signs of chaotic movement, primarily 
devoid of mature trees, and were hummocky, with poorly sorted material and higher 
concentrations of boulders and downed trees along lobe margins and toes.  Furthermore, 
landslide travel distances of about 250 to 1,400 meters were measured for each lobe from optical 
and infrared aerial photography (Appendix G).  These landslide travel distances are quite large 
considering that the widths of landslide events range from about 50 to 150 meters and the 
average slope angles were observed around 18 to 20 degrees.  Damaged bark and missing tree 
limbs about one to two meters above ground surface on mature evergreen and aspen trees along 
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the margins of lobe seven were observed (Figure 4.13 on page 43).  These observations suggest 
the initial thick rotational failures transitioned to translational movement and some failures 
continued to form thinner, flow-like movements as materials traveled downslope.  Figure I.1 in 
Appendix I shows the extent of landslide identified as rotational, translational, and flow failures. 
 
 
Figure 4.9:  Optical photograph with lobes identified.  Each lobe corresponds to a zone of 
deposition observed during site reconnaissance.  Current extent of the Rio Chama landslide is 
shown in red where not delineated by a lobe (imagery from Google Earth, 2016). 
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Table 4.5:  General descriptions of the major lobes mapped; listed in order of oldest (1) to most 




No grain size distribution estimated 
Coarse material composed primarily of sub-rounded volcaniclastic debris 
Many trees preserved – lobe appears to have flowed around trees 
2 
15% boulders, 25% cobbles, 25% gravel, 35% fines 
Separate zones of volcaniclastic and andesite debris 
Very hummocky terrain 
3 
15% boulders, 15% cobbles, 30% gravel, 40% fines 
Coarse material composed primarily of sub-rounded to sub-angular volcaniclastic 
debris 
4 
10% boulders, 15% cobbles, 30% gravel, 45% fines 
Primarily volcaniclastic debris 
4 meter diameter boulder in middle of lobe 
.5 meter diameter culvert partly buried in debris about 10 meters east of toe 
5 
15% boulders, 20% cobbles, 25% gravel, 40% fines 
Primarily volcaniclastic debris 
6 
15% boulders, 15% cobbles, 20% gravel, 50% fines 
Coarse material composed primarily of sub-angular mixed volcaniclastic debris 
7 
20% boulders, 35% cobbles, 20% gravel, 25% fines 
Coarse material primarily composed of sub-rounded to sub-angular volcaniclastic 
boulders 
Lobe grades to primarily finer material toward the toe 
Twigs, roots, wood chips, and damaged logs within debris material 
Large travel distance 
8 
15% boulders, 20% cobbles, 25% gravel, 40% fines 
Coarse material composed largely of sub-rounded to sub-angular mixed lithics from 
the Quaternary landslide deposit 
Lobe was sufficiently mobile to flow through drainage and fill drainage about one to 
three meters deep 
Standing water was observed throughout the lobe 
Lobe showed signs of very little erosion 





Figure 4.10:  Back rotated block on the northeast side of the Rio Chama landslide area as 
indicated by tilted trees angled toward the head scarp.  Camera is facing southeast 
 
 
Figure 4.11:  Photograph of a sag pond forming on the southeast side of the recent landslide area.  
The sag pond feeds the stream with the highest flow rate within the Rio Chama landslide. 
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Figure 4.12:  Photographs of tilted trees (A) and pistol-butted trees (B) caused by back-rotated 
blocks near the recent head scarp. 
 
 
Figure 4.13:  Photographs of damage to tree bark and limbs along the margins of lobe six. 
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 A new landslide lobe developed between site investigation phases in 2015 and 2016 (lobe 
number 8 in Figure 4.9, shown also in Figures 4.14 and 4.15).  The failure was approximately 
200 meters long and 35 meters wide.  The head scarp of this failure is about 15 meters 
downslope of the main Rio Chama landslide head scarp.  The upper half of the new lobe features 
many tension cracks and grabens about 2-15 meters long trending perpendicular to slope with 
about 0.5-2 meters of total offset.  The majority of the offset was horizontal and no back-rotated 
blocks were observed.  The lobe was mostly saturated and had areas of standing water 
throughout.  The runout of this landslide appears to have flowed through previously established 
drainages and partially filled the drainages with the deposit. 
 
 
Figure 4.14:  Location and extent of landslide lobe that developed between October 2015 and 
August 2016 (imagery from Google Earth, 2016). 
 
Many minor scarps, tension cracks, and grabens trending primarily north-south (parallel 
to the main scarp) were observed and mapped upslope (east) of the main scarp (figure A.1 in 
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Appendix A).  Grabens were typically 1 to 4 meters wide and 0.5 to 2 meters deep (Figure 4.16).  
The minor scarps typically exhibited 0.5 to 3 meters offset. 
 
 
Figure 4.15:  Photograph of landslide lobe 8 that developed between October 2015 and August 
2016.  Note the red line delineates part of the southern margin of lobe 8. 
 
Approximate depth to failure surface was estimated based on bedrock exposure, size of 
failed blocks, and depth of stream channels.  Depth to failure surface was estimated to range 
from about 2 to 10 meters below original ground surface.  The shallowest depths to failure 
surface were observed along the southern margin of the landslide area where the Blanco Basin 
Formation was observed about 2 to 4 meters below the adjacent relatively undisturbed ground 
(Figure 4.15).  The thickest depths to failure surface were observed in the central portions of the 










Figure 4.17:  Photograph showing the exposed Blanco Basin Formation overlain by older 
landslide deposits in a stream in the southern landslide area.  The exposed Blanco Basin 
Formation is identified as the failure surface here. 
  
4.3.3 Groundwater Conditions 
Sixteen seeps were observed within the Rio Chama landslide.  The seeps were primarily 
found on or just below the head scarp in the southeastern portion of the study area (see Figure 
A.2 in Appendix A).  Flow rates were not measured from the seeps, but in general there was 
sufficient flow from the seeps to create small streams.  Additionally, eight ponds (Figure A.2 in 
Appendix A) and five streams were mapped in the site area (Appendix A).  Most identified 




Figure 4.18:  Photograph taken near the center of the landslide area.  Red solid and dashed lines 
represent top of Blanco Basin Formation where observed and inferred and interpreted as the top 
of failure surface.  Failure surface interpreted to be about 8 meters below pre-landslide ground 
surface. 
 
4.4 Laboratory Testing of Material Properties 
4.4.1 Soil Classification 
Mechanical grain size analysis was completed on surficial samples of matrix material 
from lobes 4, 5, and 6, older landslide material exposed to the south of the recent landslide area, 
and on the Conejos Formation after undergoing one jar slake cycle.  Plastic limit values ranged 
from 20 to 28, liquid limit values ranged from 44 to 49, and plastic index values ranged from 19 
to 29 suggesting the material passing the number 40 sieve behaved like inorganic clays of 
medium plasticity and inorganic silts of medium compressibility (see Plasticity Chart, Figure 
C.16 in Appendix C). 
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USCS values for the samples were SC (clayey sand), SP (poorly graded sand), and SP-SC 
suggesting the surficial landslide material, older landslide material, and the jar slaked Conejos 
Formation sample were all primarily sand with some clay. 
 
4.4.2 Unit Weight 
 The average bulk unit weight for the soil samples extruded from each sample tube was 
19.20 kN/m3.  Bulk unit weights for each sample are presented in Table 4.6. 
 
Table 4.6:  Average bulk unit weight for samples from each sample tube. 





4.4.3 Moisture Content 
The average gravimetric water content for the soil samples extruded from each sample 
tube are presented in Table 4.7.  The average gravimetric water content of all samples was 0.20. 
 
Table 4.7:  Average gravimetric water content for samples from each sample tube. 





4.4.4 Jar Slake Test 
Modified jar slake test categories described in Santi (1998) were used.  All three Conejos 
Formation samples immediately began to form fractures and chips when submerged in distilled 
water.  Thin mud piles formed and the samples were fractured (categories 1 and 4) after five 
minutes.  Chips began to break off and deposit on top of the mud (categories 1 and 3) after 30 
minutes.  The samples were evaluated as category 3 (predominantly chips) after 24 hours, 





4.4.5 Direct Shear Test 
 Peak and residual shear strength values obtained from the direct shear tests are presented 
in tables 4.8 and 4.9.  Figures 4.19 through 4.22 show the Mohr-Coulomb shear failure criterion 
for residual and peak strengths of the different sample tubes.  Residual cohesion and angle of 
internal friction were found to be greater than peak cohesion and angle of internal friction.  This 
could be due to rotation of the piston delivering the confining stress.  Rotation of the piston 
typically increased with each subsequent residual test on each sample.  The rotation of the piston 
could create a horizontal component of the confining stress which would alter the results. 
 
Table 4.8:  Peak strength values for cohesion and angle of internal friction for all sample tubes. 
Sample Tube Cohesion (c, kPa) Angle of Internal Friction (ϕ, deg) 
1, 2, and 3 29. 30. 
 
 
Figure 4.19:  Peak Mohr-Coulomb shear failure criterion with data from all three sample tubes.  





























Table 4.9:  Residual strength values for cohesion and angle of internal friction for sample tubes 2 
and 3 and with both sample tubes evaluated together. 
Sample Tube Cohesion (c, kPa) Angle of Internal Friction (ϕ, deg) 
2 18. 32. 
3 46. 31. 
2 and 3 29. 34. 
 
 
Figure 4.20:  Residual Mohr-Coulomb shear failure criterion with data from sample tube 2.  The 
equation of the failure envelope is also shown with the coefficient of determination for the 
equation. 
 






















Residual Shear Strength - Sample Tube 2
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Figure 4.21:  Residual Mohr-Coulomb shear failure criterion with data from sample tube 3.  The 
equation of the failure envelope is also shown with the coefficient of determination for the 
equation. 
 
Figure 4.22:  Residual Mohr-Coulomb shear failure criterion with data from sample tubes 2 and 
3.  The equation of the failure envelope is also shown with the coefficient of determination for 
the equation. 






















Residual Shear Strength - Sample Tube 3





















Residual Shear Strength - Sample Tubes 2 
and 3
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4.5 Slope Stability Analysis 
4.5.1 Backward Analysis 
Iterative changes in material property values in the backward analysis of cross-sections 1 
and 2 yielded the values shown in Table 4.10.  Back Analysis factors of safety of 1.1 and 1.0 
were obtained for cross-sections 1 and 2, respectively (Figures 4.23 and 4.24).  These calculated 
material values are very close to those obtained in the lab (Tables 4.6 and 4.9).  The block search 
performed in Slide provided failure surfaces that match field observations. 
 
Table 4.10:  Material property values obtained from final backward slope stability analysis and 






Angle of Internal 
Friction (deg) 
Landslide 17.5 0. 38. 
Weathered 
Conejos Formation 
19.0 0. 33. 
Conejos Formation 19.0 418. 35. 
 
4.5.2 Forward Analysis 
The material property values obtained in the backward analysis (see Table 4.10) were 
applied to a forward analysis to evaluate the current stability of the slope.  The forward model 
yielded a factor of safety of 1.2 for cross-section 1 (Figure 4.25) and 1.1 for cross-section 2 
(Figure 4.26), approximately 10% higher than the calculated factor of safety values at the time of 
failure. 
 
4.5.3 Sensitivity Analysis 
Sensitivity analysis was performed on the backward analyses of both sections for unit 
weight, cohesion, internal angle of friction, and water table elevation.  Sensitivity analysis was 
completed only on the backward model since the backward and forward models had similar 
topographic profiles.  Plots from these analyses can be found in Appendix H.  To summarize the 
results from the sensitivity analysis, the angle of internal friction, especially that of the weathered 
Conejos Formation, had the largest impact on the factor of safety, increasing the factor of safety 
up to 600% from the minimum to maximum values evaluated.  The unit weight of the landslide 
material at low values also had a significant effect on the factor of safety, and its impact 
decreased as unit weight decreased. 
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Figure 4.23:  This image shows the back analysis of cross-section 1 with material properties used.  The global minimum factor of 
safety has been indicated in this image as 1.1, and a failure surface that more closely aligns with field observations has been indicated 





Figure 4.24:  This image shows the back analysis of cross-section 2 with material properties used.  The global minimum factor of 






Figure 4.25:  This image shows the forward analysis using the current slope topographic profile of cross-section 1.  The analysis 




Figure 4.26:  This image shows the forward analysis using the current slope topographic profile of cross-section 2.  The analysis 
indicates the current factor of safety for section 2 is 1.1.  Note the groundwater table located at the ground surface where the pond and 
seeps are located. 
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Additionally, changes in water table from minimum to maximum expected depths created 
ranges in factor of safety of 1.1 to 1.9 for cross-section 1 and 0.9 to 1.4 for cross-section 2.  
Changes in cohesion of the weathered Conejos formation had minimal effects on the factor of 
safety when compared to the other factors. 
 
4.6 Regional Landslide Susceptibility Analysis 
Preliminary weights assigned to fourth tier sub-factors using the weight of evidence 
approach yielded factor weights ranging from -4.52 to 5.83.  Higher weights indicate a greater 
presence of that factor in the Rio Chama landslide source area than in the study area as a whole.  
Table 4.11 shows the preliminary weights calculated for the sub-factors.  Some sub-factors do 
not have weights assigned because those factors were not present in the Rio Chama landslide 
source area.  The highest three weights were found for Medium-Grained Clastic lithology, 300 to 
400 Surface waterbody density, and Western slope aspect indicating these sub-factors increase 
landslide susceptibility.  The lowest three weights were found for Southern slope aspect, slope 
angles of zero to 10 degrees, and stream densities of zero to one indicating these sub-factors 
decrease landslide susceptibility. 
 
The preliminary weights calculated using the WoE approach were then used to calculate 
preliminary pairwise comparison matrices for each group of sub-factors.  The full preliminary 
pairwise comparison matrices are shown in Appendix D.  Preliminary results were limited due to 
sub-factors with no weights available to be compared. 
 
 Manual interpretation of the pairwise comparison matrices yielded complete matrices.  
The final weights selected for the sub-factors and factors after iterating through evaluating 
pairwise comparison matrices and map validation are shown in Tables 4.12 and 4.13 and the 
complete final matrices are shown in Appendix E.  Weights may be compared within each factor 





Table 4.11:  Preliminary weights for fourth-tier sub-factors calculated using the weight of 
evidence (WoE) approach. 














Aspect    
0-10 -4.06  N -2.07 
10-20 1.28  NE N/A 
20-30 1.39  E N/A 
30-40 -1.29  SE N/A 
40-50 N/A  S -4.52 
50-60 N/A  SW 0.58 
>60 N/A  W 2.28 
 
  NW 0.72 





Curvature    
  Basement N/A  <-0.54 0.61 
  Volcaniclastic N/A  -0.54 to -0.23 0.43 
  
Fine-Grained 
Clastic N/A  




Clastic 5.83  
-0.10 to -0.04 
-0.82 
  Landslide -1.42  -0.04 to 0 -0.73 
  Surficial N/A  0 to 0.05 -0.78 
  Pyroclastic N/A  0.05 to 0.12 -0.12 
  Water N/A  0.12 to 0.25 0.35 
     0.25 to 0.57 0.12 
Surface 
Waterbody 
Density    
>0.57 
-0.03 
  0-50 N/A     




























Table 4.11 Continued 
Factor Sub-Factor Weight Factor Sub-Factor Weight 
  >1000 N/A     
        
Stream Density       
  0-1 -3.40     
  1-40 -0.69     
  40-80 0.79     
  80-120 1.00     
  120-160 0.27     
  160-200 N/A     
  200-240 N/A     
  >240 N/A       
 
According to the weights selected using the pairwise comparison matrix for third-tier 
factors, the factors contributing to landslide susceptibility in order from most to least important 
are:  slope angle, lithology, surface waterbody density, stream density, slope aspect, profile 
curvature, and land use. 
 
 All final pairwise comparison matrices are considered to have sufficiently small 
consistency ratios (Saaty, 1977; Saaty, 1990); therefore, the estimated weights can be accepted 
based exclusively on consistency. 
  
The final weights presented above were applied in ArcGIS with the study area causative 
factor maps to produce the regional landslide susceptibility map (Figure 4.27).  The map 
evaluates the study area for susceptibility to similar failures as the Rio Chama landslide based on 
the causative factors and factor weights presented above.  The regional landslide susceptibility 
map identifies areas as low, moderate, and high susceptibility.  Section 3.6.4 discussed how the 
susceptibility map was divided into the three susceptibility classes, and Section 4.6.1 discusses 
the properties of each susceptibility class.  Zones of high susceptibility tend to exhibit conditions 




Table 4.12:  Final weights for fourth-tier sub-factors. 
Factor Sub-Factor Weight Factor Sub-Factor Weight 
Slope Angle   Slope Aspect   
 0-10 0.0327  N 0.0346 
 10-20 0.2861  NE 0.0346 
 20-30 0.4004  E 0.0818 
 30-40 0.1748  SE 0.0346 
 40-50 0.0448  S 0.0818 
 50-60 0.0327  SW 0.1827 
 >60 0.0286  W 0.3670 
 
 
  NW 0.1827 





Curvature   
 Basement 0.0219  <-0.54 0.2806 
 Volcaniclastic 0.1250  -0.54 to -0.23 0.1806 
 
Fine-Grained 
Clastic 0.0743  




Clastic 0.3076  
-0.10 to -0.04 
0.0183 
 Landslide 0.2795  -0.04 to 0 0.0191 
 Surficial 0.0389  0 to 0.05 0.0183 
 Pyroclastic 0.1009  0.05 to 0.12 0.0626 
 Water 0.0300  0.12 to 0.25 0.1641 
    0.25 to 0.57 0.0932 
Surface 
Waterbody 
Density    
>0.57 
0.0748 
 0-50 0.0169    






















 800-1000 0.1215  Mixed Rangeland 0.0377 
 >1000 0.1215    
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Table 4.12 Continued 
Factor Sub-Factor Weight 
Stream Density   
 0-1 0.0236 
 1-40 0.0316 
 40-80 0.2001 
 80-120 0.3758 
 120-160 0.0922 
 160-200 0.0922 
 200-240 0.0922 
 >240 0.0922 
 
Table 4.13:  Final weights derived from a pairwise comparison matrix for each third-tier factor.  
The summation of the weights is equal to 1. 
Factor Weight 
Land use 0.02359 
Lithology 0.17322 
Profile Curvature 0.04697 
Slope Angle 0.37908 
Slope Aspect 0.09017 
Stream Density 0.11777 
Surface Waterbody Density 0.1692 
 
4.6.1 Properties of Susceptibility Zones 
 The percentages of the total study area were 51.1, 45.0, and 3.9 of which identified as 
low, moderate, and high susceptibility, respectively.  The five watersheds with the most area 
identified as low and high susceptibility are listed in Tables 4.14 and 4.15 with the percent of 
total watershed covered by each ranking listed.  The locations of these ten watersheds are shown 
in Figure 4.28.  The watersheds with the most area identified as high susceptibility are located in 
areas between the most mountainous areas in the study area in the north central part of the study 
area and the lower, flatter terrain throughout the east, south, and southwest part of the study area.  
On the contrary, the watersheds with the most area identified as low susceptibility are located in 







Figure 4.27:  Regional map showing susceptibility to similar landslides as the Rio Chama 
landslide and location of sites used to verify the accuracy of the model. 
 
Table 4.14:  Five HUC-12 watersheds with the highest percent of total area in the watershed 







The Poso 95.3% 4.6% 0.1% 
Town of Guadalupe-
Conejos River 
86.5% 13.4% 0.1% 
Outlet Willow Creek 82.3% 16.9% 0.8% 
Canade de Tio Roque 76.5% 22.6% 0.9% 







Table 4.15:  Five HUC-12 watersheds with the highest percent of total area in the watershed 









38.0% 47.9% 14.1% 
Lower Rio Blanco  32.1% 57.7% 10.3% 
Middle Rio Blanco  32.0% 57.8% 10.2% 
Headwaters Rio Chama  34.6% 55.6% 9.9% 
Upper Rio Blanco 36.3% 54.4% 9.3% 
 
 Summary statistics completed on the slope angle, profile curvature, surface waterbody 
density, and stream density within the different susceptibility zones reveals differences between 
each zone, as would be expected (Table 4.16).   
 
 
Figure 4.28:  Map showing the location of the watersheds with the 5 largest percentages of total 




Table 4.16:  Summary statistics for different factors in different susceptibility zones. 











Low Minimum 0.0 -142.9 0.0 0.0 
  Maximum 85.2 125.1 433.0 28000.0 
  Mean 7.2 0.0 49.1 311.7 
        
Moderate Minimum 0.0 -116.2 0.0 0.0 
  Maximum 83.9 89.0 433.0 26316.0 
  Mean 17.8 0.0 53.9 207.0 
        
High Minimum 0.1 -9.7 0.0 0.0 
  Maximum 52.7 10.5 298.0 14219.0 









5.1 Failure Mechanics 
 The observation of multiple lobes with varying types of vegetation and weathering 
support the evidence in historical remote sensing imagery that the Rio Chama landslide consists 
of multiple landslides occurring at different times and forming a multiple landslide complex.  
The landslide lobes appear to be expanding from two original events predating available 
historical imagery (see Figure G.1 in Appendix G).  All but two delineated recent landslide 
events occurred after construction of Forest Service Road 121.  Forest Service Road 121 was 
constructed slightly downslope of the southeastern event predating historical imagery and 
directly across the head of the northwestern event predating historical imagery.  The slope likely 
existed at or near equilibrium prior to failures observed on aerial photography.  Slope regrading 
and excavating for construction of the road may have reduced stability by debutressing the slope 
and modifying drainage conditions and pathways based on the number of landslide events 
occurring after construction of the road.  As the slope continued to fail after road construction, 
the landslide appears to have progressed up the slope while also widening (Figures G.2 through 
G.8, Appendix G).  Downslope landslides may have also had a debutressing effect on upslope 
material contributing to subsequent failures. 
 
 The recent landslide failures likely initiated as rotational failures, transitioned to 
translational failures, and some liquefied and became debris flows.  The interpretation of initial 
rotational failure is supported by the presence of multiple arcuate head scarps, back-rotated 
blocks, tilted and pistol-butted trees, and sag ponds.  The evolution of the failure to a debris flow 
with long runouts is supported by damage to trees along slide margins, rafted boulders and 
downed trees along margins and toes, lack of tree debris atop deposits, and flow-like chaotic 
deposits that extend large distances on relatively shallow slopes.  Long runouts were observed 
primarily in the southern region of the Rio Chama landslide.  This may be a result of increased 
water supply in the south that can be attributed to the abundance of surface water features (see 
Figure A.2 in Appendix A). 
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 Future failures at the Rio Chama landslide will likely be limited to about 50 to 100 meters 
wide with less frequent larger landslides up to about 400 meters wide.  All interpreted landslide 
events were relatively small (mostly 50 to 100 meters wide and up to 200 meters wide) compared 
to the landslide occurring between 1986 and 1987, which was about 375 meters wide.  It may be 
possible the smaller landslides caused a debutressing effect on a large part of the slope, enabling 
a larger failure. 
 
 Although the Mancos Shale is cited by many authors as the geologic unit most associated 
with landslides in Southwestern Colorado, field observations do not support a failure surface in 
the Mancos Shale.  The majority of the Rio Chama landslide source zone is located in the 
Conejos Formation and a Quaternary landslide deposit stratigraphically above the Blanco Basin 
Formation.  Howe (1909) suggested volcanic tuffs and volcaniclastic deposits behave similar to 
shales in the region, and the volcaniclastic facies of the Conejos Formation are known to cause 
landslides in the area (Cross, 1956; Muehlberger, 1967), especially after being wetted (Howe, 
1909; Varnes, 1949).  Further contributing to the potential for landslides in the Conejos 
Formation, Cross (1956) described the lower 120 meters of the Conejos Formation in the Chama 
River drainage watershed as soft, friable, poorly bedded sand composed primarily of volcanic 
fragments. 
 
According to the geologic map by Lipman and Hail (1975), the bottom portion of the 
Conejos Formation is located within the Rio Chama Landslide; therefore, this weak material that 
is prone to landslides likely underlies or is incorporated into the Rio Chama landslide.  The 
Conejos Formation is potentially weathered and decomposed along this contact, providing a 
layer of weak material for the failure surface to pass through. 
 
This interpretation is supported by the behavior of the Conejos Formation samples during 
the jar slake tests.  The samples readily degraded to chips suggesting the Conejos Formation is 
very susceptible to slaking and should be treated as very poor rock for long-term performance 
(Santi, 2006).  Therefore, it is expected that the Conejos Formation has readily weathered along 
the contact with the Quaternary landslide deposit as the water table fluctuates up and down, 
submitting the Conejos Formation to wetting and drying cycles.  This is further supported by 
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observations made during site reconnaissance of the highly weathered and rutted condition of the 
Conejos Formation.  The high degree of weathering of the Conejos Formation at the surface may 
extend into the subsurface. 
 
Therefore, the main failure surface is interpreted to be located primarily in a weathered 
zone of the Conejos Formation about 8 meters below pre-failure ground surface.  The failure 
surface may extend into Quaternary landslide deposits at the head and toe of the landslide where 
the failure plane daylights. 
 
5.2 Factors Contributing to Failure 
 Seven causative factors were evaluated for their contribution to susceptibility to failures 
similar to the Rio Chama landslide.  These causative factors are discussed below, and a summary 
of the factors can be found in Chapter 4.  The following discussion can be used to evaluate the 
susceptibility of individual sites to landslides similar to the Rio Chama landslide. 
 
Literature and field observations indicate that valley walls near the Rio Chama landslide 
are over steepened due to glaciation.  The over steepened valley walls may have caused the large 
Quaternary landslide deposit mapped by Lipman and Hail (1975), within which the Rio Chama 
landslide is located.  The valley walls are still undergoing mass wasting in the form of recent 
landslides (Johnson, et al., 2017) suggesting the valley is still young in maturity and has not 
reached equilibrium.  The tension cracks and graben features observed in the field support this 
suggestion. 
 
Slopes susceptible to failures similar to the Rio Chama landslide require a slope angle 
that falls within a range of about 5-40 degrees.  Slopes at angles lower than 5 degrees will not 
produce sufficient driving forces to cause failure, while slopes at higher angles than this will 
likely not consist of similar weak rock.   
 
The site geology plays an essential role in contributing to slope instability at the Rio 
Chama landslide.  As discussed above, the volcaniclastic facies of the Conejos Formation is very 
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weak and highly weathered rock at the site.  The failure surface has likely exploited this layer of 
weak and weathered bedrock allowing the landslides to occur. 
 
Additionally, groundwater may be perched above less permeable beds that act as barriers 
to groundwater flow; therefore, water may be perched in the weathered Conejos Formation and 
Quaternary landslide deposits.  Seeps were observed within the weathered Conejos Formation 
along the head scarp.  These seeps are evidence of groundwater near the ground surface.  The 
groundwater may be increasing weathering rates, landslide driving forces, and pore water 
pressures, all of which have the effect of decreasing the effective stress.  A decrease in effective 
stress can reduce the available resisting strength of the earth material and decrease slope 
stability.  
 
 An abundance of surface water at the Rio Chama landslide is also likely increasing the 
susceptibility of the site to movement.  Multiple ponds and streams are visible in the area directly 
upslope of the Rio Chama landslide (Figure A.2 Appendix A), suggesting a water table near 
ground surface at the site.  Seven ponds, four marshes, and five streams were identified near the 
head of the landslide (Figure A Appendix A.2), frequently occurring in graben features.  These 
surface water features may be transporting water to the failure surface through tension cracks and 
permeable soil and bedrock.  The assumption of a high water table at the site is supported by the 
observation of many seeps along the head scarp as discussed above.  This high level of water 
available to the failure plane is likely increasing pore pressures along the failure surface, thus 
decreasing effective shear strength. 
 
 Further contributing to the high water table and abundance of available water is the 
seasonal snowmelt, which raises the groundwater table.  The Cumbres Trestle weather station 
near the site averages an annual maximum of 27.87 inches (70.80 centimeters) of snow water 
equivalent. 
 
 The large failure that occurred between 1986 and 1987 occurred about twenty years after 
construction of Forest Service Road 121.  Assuming the Forest Service road contributed to the 
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instability of the slope, this twenty-year time gap between construction and failure is interesting.  
Two potential explanations for this time gap are as follows: 
 
1)  The construction of the road did not directly cause the large landslide between 1986 
and 1987, but caused smaller failures which led to the debuttressing of the large landslide 
mass, thus leading to large failure. 
 
2)  The construction of the road did decrease the stability of the large landslide mass; 
however, an extended period of high precipitation was required to raise the groundwater 
level, increasing pore pressures, which eventually lead to the large landslide. 
 
Unfortunately, precipitation prior to 1980 is unknown since no precipitation data for the 
site are available for that time period; however, moving mean annual precipitation from 1982 
through 1987 was above average, peaking at over 20 inches (51 centimeters) above average in 
December of 1985.  This evidence would support the second explanation for the time gap, that an 
extended period of high precipitation was necessary to cause the large landslide.  Additionally, 
the abundance of surface water and high groundwater table may be contributing to the high 
mobility of the Rio Chama landslide. 
 
As discussed above, landslides in the study area tend to favor western aspects, and the 
Rio Chama landslide also has a generally western aspect.  The favoring of western aspects may 
be caused by precipitation, vegetation and snowmelt rate differences or common orientation of 
valleys. 
 
The Rio Chama landslide seems to be more susceptible to slope failures because of the 
more negative profile curvature at the site.  Negative profile curvature indicates the slope is 
convex in the direction of slope.  The convex shape of the slope may place the earth material in 
tension, thus reducing the confining stress and reducing the slope stability, much like avalanches 
(Tremper, 2008).  On the contrary, positive profile curvature indicates a concave slope which 
may increase the confining stress of the earth material and increase slope stability.  It is 
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interpreted that negative profile curvature increases susceptibility to failures similar to the Rio 
Chama landslide. 
 
Mixed forest land cover occupied the entire source area of the Rio Chama landslide.  It is 
assumed that landslides similar to the Rio Chama landslide are not exclusive to mixed forest 
land; however, it is expected that areas will be more susceptible to similar failures if these areas 
are within a similar land cover zone, such as evergreen forests.  Mixed forest land and evergreen 
forests likely share similar characteristics. 
 
5.3 Current and Future Stability 
The current slope above the main scarp may be susceptible to failure as indicated by 
many back-rotated blocks, tension cracks, grabens, and minor scarps coupled with the 
debuttressing effect of the previous slides and the potential saturation caused by the seeps, sag 
ponds, and streams.  Although these features may point to future slope failures, the landslide has 
retrogressed back to a location where the upslope material is at a lower gradient than where 
previous events occurred.  The forward slope stability analysis was completed in order to 
examine the future stability of the slope and is discussed below. 
 
The factor of safety for both cross sections (Figure 3.3) increased as expected when the 
topography was adjusted to represent current post-failure conditions; however, the factors of 
safety for both cross sections are only 20 percent and 10 percent greater than one.  Subsurface 
conditions had to be assumed based on limited surficial observations, as no subsurface data were 
available.  Additionally, the DEM from which the topographic profiles were created is at a 
resolution of 10 meters; therefore, features less than 100 square meters are not captured in the 
DEM.  Debutressing of up-slope material after a landslide event may not be accounted for in this 
analysis due to the low resolution topography.  The error associated with these assumptions and 
limited resolution topographic profile could result in changes to the factor of safety that would 
drop it below one. 
 
Furthermore, because no pre-failure topographic data is available, the pre-failure 
topography is an approximation of how the slope may have looked before failure.  This 
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approximation may not match the actual pre-failure conditions, introducing error into the factor 
of safety calculation and material properties derived using backward analysis. 
 
A sensitivity analysis was completed in order to examine the potential effects of these 
assumptions and approximated values.  The sensitivity analysis showed that the factors of safety 
were most sensitive to changes in the angle of internal friction, especially of the weathered 
Conejos Formation.  This finding makes sense because the failure surface was interpreted as 
being located primarily in the weathered Conejos Formation. 
 
The water table was modeled near ground surface in both backward and forward analyses 
based at the location of surface water features.  The water table could not be increased in the 
sensitivity analysis much more than the elevation used in backward and forward analysis.  
Therefore, the sensitivity plots (Figures H.7 and H.8 in Appendix H) primarily only show an 
increase in factor of safety.  Although cross section one does not pass below a factor of safety of 
one at maximum water table elevation, cross section two does drop below a factor of safety of 
one at maximum water table elevation. 
 
As modeled in the forward analysis, both cross sections have factors of safety greater 
than one, suggesting they are nominally stable.  Cross section 1 (northern cross section) appears 
to be slightly more stable than cross section 2 (southern cross section).  The assumption that the 
northern portion of the landslide is more stable than the south is supported by field observations.  
As discussed above in section 4.3.2, new slope movement in the southern portion of the landslide 
was observed between site visits in 2015 and 2016.  Based on this activity in the south, along 
with the ample surface water in the ponds up-slope and many seeps along the head scarp of the 
southern area, it is assumed that the southern portion of the Rio Chama landslide has not yet 
reached equilibrium, especially during periods of above average precipitation. 
 
Future failures are expected in the southern portion of the Rio Chama landslide.  It is 
possible the large failure between 1986 and 1987 reconfigured the overall slope closer to long-
term equilibrium, and the future failures in the south may follow the typical landslide size at the 
site of 50 to 100 meters wide.  However, it is also possible for another large failure to occur at 
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the site.  Large tension cracks, back rotated blocks, ample surface water observed above the 
current main scarp suggest that a large extent of the slope may still be adjusting to equilibrium.  
A large failure may be limited to a time during extended above average precipitation, while 
smaller landslides could occur at any time. 
 
5.4 Regional Susceptibility 
 The regional susceptibility map is intended to be used as a tool to aid agencies with 
focusing limited resources in the areas most susceptible to failures similar to the Rio Chama 
landslide.  The susceptibility map shows only susceptibility to failures similar to the Rio Chama 
landslide and is not meant to show associated hazard or risk. 
 
 The susceptibility map was classified into three different zones:  low, moderate, and high 
susceptibility.  These three zones are discussed below: 
 
Low susceptibility zones do not possess many or any of the factors that increase 
susceptibility.  Generally, these areas are the most unlikely to see failures similar to the 
Rio Chama landslide; however, small local failures similar to the Rio Chama landslide 
cannot be ruled out, especially if slopes are cut into or disturbed.   
 
Moderate susceptibility zones possess some of the factors that increase susceptibility.  
Generally, these areas are unlikely to see failures similar to the Rio Chama landslide; 
however, some conditions similar to those at the Rio Chama landslide are present in these 
zones and may lead to failure, especially if slopes are cut into or disturbed. 
 
High susceptibility zones possess most, if not all the factors that increase susceptibility.  
These areas are the most likely to experience failures similar to that of the Rio Chama 
landslide.  This indication does not mean everywhere within the zones will experience 
failures.  Detailed attention should be focused in these zones, especially where they 
intersect current infrastructure, property, and recreational areas.  These areas should be 
avoided for any proposed infrastructure, property, and recreational areas unless a detailed 
site specific investigation has been conducted. 
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 Users of the susceptibility map should be aware of the limitations of the map.  The output 
of the model is only as good as the input.  The slope angle, aspect and profile curvature input to 
the model were all derived from the 10 by 10 meter DEM.  Furthermore, the lithology is based 
on statewide geologic maps produced at a scale of 1:500,000, the surface water features from the 
National Hydrography Dataset were produced at a scale of 1:24,000 to 1:12,000, and the land use 
data produced by the USGS was produced at a scale of 1:250,000.  The small scale used to 
produce some of these maps limits the accuracy of the susceptibility map at scales larger than the 
input parameters.  Therefore, it would be advantageous to digitize, piece together, and attempt to 
make consistent larger scale geologic maps in future analyses.  The increase in accuracy of the 
larger scale maps would increase the accuracy of the regional susceptibility map.  
 
 Additionally, lithological classes, or sub-factors, are assumed to be continuous through 
the study area.  It is unlikely that each of the nine lithology sub-factors is uniform throughout the 
study area.  In reality, these sub-factor classes contain a range of rock types in different 
conditions. 
 
While using the susceptibility map, it is important to examine site-specific conditions.  It 
is recommended that the findings and discussion of the causative factors associated with this 
thesis be examined in detail when studying individual or groups of sites. 
 
 Despite the limitations of the susceptibility map, the map performs very well when 
validated against three test sites.  One test site is the Rio Chama landslide, another test site 
contains a landslide that appears very similar to the Rio Chama landslide in aerial photography, 
geomorphic expression, and bedrock geology, and the last test site contains terrain and bedrock 
similar to the Rio Chama landslide.  The map correctly identified all three test sites as high 
susceptibility zones.   
  
 It may be desirable to remove the three lowest weighted causative factors, land use, slope 
aspect, and profile curvature, in order to simplify the analysis of the regional susceptibility.  
Together these three causative factors make up only 15% of the total weighting, less than the 
individual weights for the top three factors.  Therefore, removing these factors may simplify the 
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analysis while not significantly reducing the accuracy.  Figure J.1 in Appendix J shows the 
regional susceptibility map with these three lowest weighted factors removed and normalized to 
the maximum possible susceptibility score for this map.  Figure J.2 in Appendix J shows the 
difference in normalized susceptibility scores between the susceptibility map produced without 
the three lowest weighted factors and the original susceptibility map with all factors.  Figure J.2 
reveals that overall susceptibility zones remain relatively constant despite removing these bottom 
three factors.  The largest decreases in susceptibility scores are seen on western aspects and the 
largest increases in susceptibility scores are seen on the Eastern aspects, as would be expected by 
removing the slope aspect.  Removing land use and profile curvature from the regional 
susceptibility analysis has relatively very little impact on the susceptibility map, likely due to the 
low weights assigned to these factors. 
 
 Test site 1, the Rio Chama Landslide, was examined again after removing the three 
lowest weighted factors.  Figure J.3 in Appendix J shows that the modified susceptibility map is 
still correctly predicting the source area of the Rio Chama Landslide as high susceptibility.  
Although only one test site was examined for this model, the correct identification of the Rio 
Chama landslide source zone as high susceptibility suggests the modified susceptibility model 
excluding the three lowest weighted factors may also perform accurately.  Removing the lowest 
weighted factors may be useful with future analyses because it can simplify the analysis without 








The following conclusions can be drawn from the study of the Rio Chama landslide and 
surrounding region: 
 
 The Rio Chama landslide is classified as an active multiple rotational debris slide and 
flow complex based on the classification scheme proposed by Cruden and Varnes 
(1996). 
 Approximately eight landslide events have occurred at the Rio Chama landslide since 
1952, and the landslides appear to be expanding from two original landslides 
predating available historical imagery. 
 All but two landslides occurred after the construction of Forest Service Road 121, and 
slope movement was observed as recently as 2016.  Field observations and stability 
analysis confirm ongoing activity. 
 The landslides appear to have initiated as rotational failures transitioning to 
translational failures with some landslides liquefying and running out up to 1,400 
meters. 
 The location of the failure surface is interpreted primarily as a weak and weathered 
zone in volcaniclastic facies of the Conejos Formation. 
 An abundance of surface water and groundwater at the site contributes significantly to 
allowing failure, as well as extended periods of above average precipitation. 
 The glaciated portion of Rio Chama river valley where the landslide is located has 
over steepened valley walls that are young in maturity; therefore, landslides are 
occurring here since the valley walls have not yet reached equilibrium. 
 The landslides most likely to occur at the Rio Chama landslide are small (50 to 400 
meters wide) based on the frequency of these events compared to a landslide that 
encompasses the entire landslide area. 
 The seven causative factors were evaluated for their contribution to susceptibility to 
failures similar to the Rio Chama landslide.  These causative factors in order of 
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highest to least contribution are:  slope angle, lithological class, surface waterbody 
density, stream density, slope aspect, profile curvature, and land use. 
 The highest weighted four causative factors, slope angle, lithological class, surface 
waterbody density, and stream density, accounted for 84% of the total causative 
effects. 
 A regional susceptibility map accurately identifies landslide-susceptible areas with 
similar characteristics to the Rio Chama Landslide, covering an approximate 20-mile 
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FIELD OBSERVATION MAPS 
 
Figure A.1:  Aerial photograph showing the location of tension cracks, grabens, scarps, and 
landslide lobes mapped during the site investigation (imagery from Google Earth, 2016). 
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Figure A.2:  Satellite photograph (Google Earth, 2016) showing the location of surficial water 
features observed during site investigation.  Note the higher concentration of surficial water 






CAUSATIVE FACTOR MAPS 
 
 
Figure B.1:  Map showing the surface waterbody density in the study area; note the zones of 






















LABORATORY MATERIAL PROPERTIES 
 
Table C.1:  Laboratory results of material properties from collected surficial samples of the recent landslide material, the previously 
mapped landslide deposit, and the Conejos Formation.  The lobe from which the sample was taken is indicated in the first row. 





Sample No. 3 6 8 9 2 7 10 12 1 1.5 5 11 12 4 13 
USCS SP SP 
SP-
SC SC SC 
SP-
SC SC SC SC SC SC 
SP-
SC SC SC SC 
Percent 
Gravel 34 18 22 12 6 24 14 10 18 18 1.8 36 3.3 13 0.64 
Percent Sand 66 82 70 73 98 66 72 70 68 58 83 55 72 70 80 
Percent Fines 0.3 0.2 9 16 23 10 14 19 14 25 15 9 24 17 19 
Hydrometer 
Percent Clay 5.8  12   12    21      
D60 (mm) 3 1.7 1 1 0.5 1.3 1.1 0.6 1.2 0.3 0.8 4 0.5 0.95 0.33 
D30 (mm) 0.7 0.6 0.3 0.2 0.1 0.3 0.2 0.1 0.3 0.1 0.2 0.8 0.1 0.18 0.1 
D10 (mm) 0.2 0.3 0.8 0.1 0 0.08 0.1 0.1 0.1 0 0.1 0.09 0 0.05 0.05 
Uniformity 
Coefficient 
(Cu) 13 5.7 1.2 20 11 17 22 13 20 8.1 17 47 14 19 6.6 
Coefficient of 
Gradation 
(Cc) 0.7 0.7 0.11 0.8 0.7 0.64 1 0.7 0.9 0.9 1.1 1.9 0.6 0.68 0.61 
Plastic Limit  28    22    20      
Liquid Limit  47    44    49      




Figure C.1:  Grain size distribution curve for Sample 1.
 
Figure C.2:  Grain size distribution curve for Sample 1.5. 
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Figure C.3:  Grain size distribution curve for Sample 2. 
 
  
Figure C.4:  Grain size distribution curve for Sample 3. 
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Figure C.5:  Grain size distribution curve for Sample 4. 
 
 
Figure C.6:  Grain size distribution curve for Sample 5. 
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Figure C.7:  Grain size distribution curve for Sample 6. 
 
 
Figure C.8:  Grain size distribution curve for Sample 7. 
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Figure C.9:  Grain size distribution curve for Sample 8. 
 
Figure C.10:  Grain size distribution curve for Sample 9. 
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Figure C.11:  Grain size distribution curve for Sample 10. 
 
 
Figure C.12:  Grain size distribution curve for Sample 11. 
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Figure C.13:  Grain size distribution curve for Sample 11.5. 
 
 
Figure C.14:  Grain size distribution curve for Sample 12. 
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Stress - Strain- Residual
S14 - C/3 - 1 kg
S14 - C/3 - 2 kg (first shear)
S14 - C/3 - 2 kg (second shear)
S14 - D/4 - 2 kg
S14 - E/5 - 4 kg
S15 - C/3 - 2 kg - 1st shear
S15 - C/3 - 2 kg - 2nd shear
S15 - C/3 - 3 kg - 1st shear
S15 - C/3 - 3 kg - 2nd shear
S15 - C/3 - 3 kg - 3rd shear
S15 - D/4 - 3 kg - 2
S15 - C/3 - 4 kg - 1
S15 - C/3 - 4 kg - 2
S15 - D/4 - 3 kg - 3
S15 - D/4 - 6 kg - 1
S15 - D/4 - 6 kg - 2




PRELIMINARY PAIRWISE COMPARISON MATRICES 
 
Table D.1:  Preliminary pairwise comparison matrix with sub-factor weights for slope aspect based on weights from the weight of 
evidence approach.   
 N NE E SE S SW W NW Weight 
N 1     1     1    1    4     1/4  1/6  1/4 0.0755 
NE 1     1     1    1    1    1     1     1     0.1065 
E 1     1     1    1    1    1     1     1     0.1065 
SE 1     1     1    1    1    1     1     1     0.1065 
S  1/4 1     1    1    1     1/7  1/9  1/7 0.0489 
SW 4     1     1    1    7    1      1/3 1     0.1439 
W 6     1     1    1    9    3     1     3     0.2529 
NW 4     1     1    1    7    2      1/3 1     0.1592 
 
Table D.2:  Preliminary pairwise comparison matrix with sub-factor weights for slope angle based on weights from the weight of 
evidence approach. 
 0-10 10-20 20-30 30-40 40-50 50-60 60+ Weight 
0-10 1      1/9  1/9  1/5 1     1     1     0.0610 
10-20 9     1     1     5     1     1     1     0.2334 
20-30 9     1     1     5     1     1     1     0.2334 
30-40 5      1/5  1/5 1     1     1     1     0.1062 
40-50 1     1     1     1     1     1     1     0.1220 
50-60 1     1     1     1     1     1     1     0.1220 
60+ 1     1     1     1     1     1     1     0.1220 
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Clastic Landslide Surficial Pyroclastic Water Eigenvector 
Lava 
Flows 1 1 1 1 1 1 1 1 1 0.1048 
Basement 1 1 1 1 1 1 1 1 1 0.1048 
Volcani-
clastic 1 1 1 1 1 1 1 1 1 0.1048 
Fine-
Grained 
Clastic 1 1 1 1 1 1 1 1 1 0.1048 
Medium-
Grained 
Clastic 1 1 1 1 1 9 1 1 1 0.1786 
Landslide 1 1 1 1  1/9 1 1 1 1 0.0881 
Surficial 1 1 1 1 1 1 1 1 1 0.1048 
Pyroclastic 1 1 1 1 1 1 1 1 1 0.1048 



























Land 1 1 1 1 1 1 0.0459 
Cropland 
and 
pasture 1 1 1 1 1 1 0.0459 
Shrub-
brushland 
rangeland 1 1 1 1 1 1 0.0459 
Mixed 
Forest 
Land 1 1 1 1 1 1 0.0459 
Deciduous 
forest 
land 1 1 1 1 1 1 0.5 
Mixed 




























0.5700 0.5700+ Eigenvector 
<  
-0.5357 1     2     4     9     9     9     5     2     4     5     0.2806 
-0.5357 
to 
-0.2318  1/2 1     3     8     8     8     4     1     2     3     0.1806 
-0.2318 
to 
-0.1042  1/4  1/3 1     6     5     6     2      1/2 1     1     0.0884 
-0.1042 
to 
-0.0390  1/9  1/8  1/6 1     1     1      1/5  1/8  1/6  1/5 0.0183 
-0.0390 
to 0  1/9  1/8  1/5 1     1     1      1/4  1/7  1/6  1/5 0.0191 
0-
0.0479  1/9  1/8  1/6 1     1     1      1/5  1/8  1/6  1/5 0.0183 
0.0479-
0.1168  1/5  1/4  1/2 5     4     5     1      1/3  1/2 1     0.0626 
0.1168-
0.2502  1/2 1     2     8     7     8     3     1     2     3     0.1641 
0.2502-
0.5700  1/4  1/2 1     6     6     6     2      1/2 1     1     0.0932 
0.5700





Table D.6:  Preliminary pairwise comparison matrix with sub-factor weights for stream density based on weights from the weight of 
evidence approach. 
 0-1 1-40 40-80 80-120 120-160 160-200 200-240 240+ Eigenvector 
0-1 1      1/6  1/9  1/9  1/8 1     1     1     0.0491 
1-40 6     1      1/4  1/4  1/2 1     1     1     0.0958 
40-80 9     4     1     1     2     1     1     1     0.1971 
80-120 9     4     1     1     2     1     1     1     0.1971 
120-160 8     2      1/2  1/2 1     1     1     1     0.1349 
160-200 1     1     1     1     1     1     1     1     0.1086 
200-240 1     1     1     1     1     1     1     1     0.1086 
240+ 1     1     1     1     1     1     1     1     0.1086 
 
 
Table D.7:  Preliminary pairwise comparison matrix with sub-factor weights for surface waterbody density based on weights from the 
weight of evidence approach. 
 0-50 50-100 100-200 200-300 300-400 400-600 600-800 800-1000 1000+ Eigenvector 
0-50 1     1     1     1     1     1     1     1     1     0.0975 
50-100 1     1     1     1     1     1     1     1     1     0.0975 
100-200 1     1     1      1/7  1/8 2     1     1     1     0.0713 
200-300 1     1     7     1     1     9     1     1     1     0.1867 
300-400 1     1     8     1     1     9     1     1     1     0.1937 
400-600 1     1      1/2  1/9  1/9 1     1     1     1     0.0610 
600-800 1     1     1     1     1     1     1     1     1     0.0975 
800-1000 1     1     1     1     1     1     1     1     1     0.0975 






FINAL PAIRWISE COMPARISON MATRICES EVALUATED USING MANUAL INTERPRETATION 
 
Table E.1:  Final pairwise comparison matrix with sub-factor weights for slope aspect.  Consistency ratio for the matrix is .02. 
  N NE E SE S SW W NW Weight 
N 1    1      1/3 1     1/3  1/5  1/7  1/5 0.0346 
NE 1    1      1/3 1     1/3  1/5  1/7  1/5 0.0346 
E 3    3     1     3    1      1/3  1/5  1/3 0.0818 
SE 1    1      1/3 1     1/3  1/5  1/7  1/5 0.0346 
S 3    3     1     3    1      1/3  1/5  1/3 0.0818 
SW 5    5     3     5    3     1      1/3 1     0.1827 
W 7    7     5     7    5     3     1     3     0.3670 
NW 5    5     3     5    3     1      1/3 1     0.1827 
 
 
Table E.2:  Final pairwise comparison matrix with sub-factor weights for slope angle.  Consistency ratio for the matrix is 0.04. 
  0-10 10-20 20-30 30-40 40-50 50-60 60+ Weight 
0-10 1      1/9  1/9  1/7 1     1     1     0.0327 
10-20 9     1      1/3 3     7     9     9     0.2861 
20-30 9     3     1     3     7     9     9     0.4004 
30-40 7      1/3  1/3 1     5     7     7     0.1748 
40-50 1      1/7  1/7  1/5 1     1     3     0.0448 
50-60 1      1/9  1/9  1/7 1     1     1     0.0327 
















Clastic Landslide Surficial Pyroclastic Water Weight 
Lava 
Flows 1     1      1/5  1/5  1/7  1/9  1/3  1/7 1     0.0218799 
Basement 1     1      1/5  1/5  1/7  1/9  1/3  1/7 1     0.0218799 
Volcani- 
clastic 5     5     1     3      1/3  1/5 3     3     3     0.1250371 
Fine-
Grained 
Clastic 5     5      1/3 1      1/3  1/5 3      1/3 3     0.074303 
Medium-
Grained 
Clastic 7     7     3     3     1     3     7     5     7     0.3076067 
Landslide 9     9     5     5      1/3 1     7     5     7     0.2794713 
Surficial 3     3      1/3  1/3  1/7  1/7 1      1/3 1     0.0389062 
Pyroclastic 7     7      1/3 3      1/5  1/5 3     1     3     0.1008732 

























Land 1     7     6      1/3 1     7     0.21892 
Cropland 
and 
pasture  1/7 1      1/2  1/9  1/7 1     0.03326 
Shrub-
brushland 
rangeland  1/6 2     1      1/8  1/6 1     0.04496 
Mixed 
Forest 
Land 3     9     8     1     3     9     0.4462 
Deciduous 
forest 
land 1     7     6      1/3 1     7     0.21892 
Mixed 
































0.5700 0.5700+ Weight 
Zero to 
-0.5357 1     2     4     9     9     9     5     2     4     5     0.2806 
-0.5357 
to -
0.2318  1/2 1     3     8     8     8     4     1     2     3     0.1806 
-0.2318 
to -
0.1042  1/4  1/3 1     6     5     6     2      1/2 1     1     0.0884 
-0.1042 
to -
0.0390  1/9  1/8  1/6 1     1     1      1/5  1/8  1/6  1/5 0.0183 
-0.0390 
to 0  1/9  1/8  1/5 1     1     1      1/4  1/7  1/6  1/5 0.0191 
0-
0.0479  1/9  1/8  1/6 1     1     1      1/5  1/8  1/6  1/5 0.0183 
0.0479-
0.1168  1/5  1/4  1/2 5     4     5     1      1/3  1/2 1     0.0626 
0.1168-
0.2502  1/2 1     2     8     7     8     3     1     2     3     0.1641 
0.2502-
0.5700  1/4  1/2 1     6     6     6     2      1/2 1     1     0.0932 





Table E.6:  Final pairwise comparison matrix with sub-factor weights for stream density.  Consistency ratio for the matrix is 0.05. 
  0-1 1-40 40-80 80-120 120-160 160-200 200-240 240+ Weight 
0-1 1      1/3  1/5  1/7  1/5  1/5  1/5  1/5 0.02363 
1-40 3     1      1/5  1/7  1/5  1/5  1/5  1/5 0.03163 
40-80 5     5     1      1/3 3     3     3     3     0.20014 
80-120 7     7     3     1     5     5     5     5     0.37577 
120-160 5     5      1/3  1/5 1     1     1     1     0.09221 
160-200 5     5      1/3  1/5 1     1     1     1     0.09221 
200-240 5     5      1/3  1/5 1     1     1     1     0.09221 




Table E.7:  Final pairwise comparison matrix with sub-factor weights for surface waterbody density.  Consistency ratio for the matrix 
is 0.02. 
  0-50 50-100 100-200 200-300 300-400 400-600 600-800 800-1000 1000+ Weight 
0-50 1      1/3  1/5  1/7  1/9  1/7  1/7  1/7  1/7 0.0169 
50-100 3     1      1/3  1/5  1/7  1/5  1/5  1/5  1/5 0.0282 
100-200 5     3     1      1/3  1/5  1/3  1/3  1/3  1/3 0.0523 
200-300 7     5     3     1      1/3 1     1     1     1     0.1215 
300-400 9     7     5     3     1     3     3     3     3     0.2954 
400-600 7     5     3     1      1/3 1     1     1     1     0.1215 
600-800 7     5     3     1      1/3 1     1     1     1     0.1215 
800-1000 7     5     3     1      1/3 1     1     1     1     0.1215 






FINAL PAIRWISE COMPARISON MATRIX AND WEIGHTS FOR FACTORS 
 














Land use 1      1/7  1/5  1/7  1/3  1/7  1/7 0.0236 
Lithology 7     1     3      1/3 5     1     1     0.1732 
Profile 
Curvature 5      1/3 1      1/7  1/3  1/5  1/5 0.0470 
Slope 
Angle 7     3     7     1     5     5     3     0.3791 
Slope 
Aspect 3      1/5 3      1/5 1     1     1     0.0902 
Stream 
Density 7     1     5      1/5 1     1      1/3 0.1178 
Surface 
Water 




HISTORICAL REMOTE SENSING 
All images in Appendix G except Figure G.8 are from USGS (2016a and 2016b). 
1960-08-28 
 
Figure G.1:  Photograph shows the earliest condition of the Rio 
Chama landslide area.  Imagery from 1952 was reviewed, but 
image quality was poor and no changes in recent landslide extent 
were observed from 1952 to 1960.  From 
1975-06-25 
 
Figure G.2:  Note the development of Forest Service Road 121 
running north-south through the center of the photograph.  Note 
development of small landslide east of the road and in the 















Figure G.5:  Note the enlargement of the southern extent of the 









Figure G.6:  Note the enlargement of the landslide in the 









Figure G.7:  Note the large runouts in the southwest and 





Figure G.8:  Note only minor changes in landslide area since 







Figure H.1:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 




Figure H.2:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 
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Figure H.3:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 




Figure H.4:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 
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Figure H.5:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 
cross-section 1 to changes in the cohesion of the Weathered Conejos Formation.  Sensitivity to 
changes in cohesion of the landslide material was not considered because the landslide material 
has not undergone significant consolidation or cementation to have cohesive properties. 
 
 
Figure H.6:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 
cross-section 2 to changes in the cohesion of the Weathered Conejos Formation.  Sensitivity to 
changes in cohesion of the landslide material was not considered because the landslide material 










































Figure H.7:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 




Figure H.8:  Sensitivity plot for the sensitivity of the factor of safety of the backward model of 




















































EXTENT OF RIO CHAMA LANDSLIDE FAILURE TYPES 
 
 
Figure I.1:  Map showing the extent of different failure types at the Rio Chama Landslide 




MODIFIED REGIONAL SUSCEPTIBILITY ANALYSIS 
 
 
Figure J.1:  Regional susceptibility map with the three lowest weighted causative factors (land 




Figure J.2:  Map showing the difference between the regional susceptibility map with the three 
lowest weighted causative factors removed and the original regional susceptibility map.  Both 
maps were first normalized to the maximum possible susceptibility score. 
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Figure J.3:  Verification test site 1 showing the performance of the regional susceptibility map 
with the three lowest weighted causative factors excluded from the analysis at the Rio Chama 
Landslide.  Note this modified susceptibility map still correctly identifies the Rio Chama 
landslide source zone as high susceptibility. 
